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Abstract

Abstract
The efficiency of rechargeable metal-air battery, water electrolysis systems, solar fuels devices is limited
by the oxygen evolution reaction (OER) due to its sluggish kinetics. For the OER process, it not only
involves four sequential proton coupled electron transfers, but also includes a spin state transition from
the spin singlet state of OH-/H2O to the spin triplet state of O2 production. Considering this kind of spin
state transition is quantum forbidden, it needs to associate an active catalyst with specific spin
configurations to lower the energy consumed to promote such spin transition as well as the charge
transfer. While the spin configuration of transition metal based OER electrocatalysts, is strongly coupled
with other fundamental parameters, such as charge, orbital, and lattice, and they determine the outward
manifested properties all together. Therefore, to understand the true mechanism of OER is to identify the
roles of spin and clarify its correlations with other intrinsic parameters.
In this doctoral research, we attempt to start with various physical properties which correlated with OER
efficiency to elucidate the complex situations (Chapter 4), including:(1) oxidation states of transition
metal ions, (2) crystal field splitting, (3) eg electron number, (4) bond length, (5) electronic conductivity,
(6) magnetic property and (7) oxygen p band centre. Based on the comprehensive understanding from the
aspect of spin, conclusions can be drawn that transition metal compounds with higher oxidation,
appropriate crystal field and local coordination, around unit e g electron, shorter bond length, and
ferromagnetic exchange interaction will be highly desirable for enhancing the overall OER efficiency.
Following above analysis (Chapter 5), we first demonstrated an excellent platform to investigate the
roles of the composition and structure in tuning the electron configuration for higher OER efficiency is
provided by layered perovskite oxides with subtle variations of composition and structure (doping with
0%, 50%, and 100% cobalt in the Bi7Fe3Ti3O21). The crystal structures were analyzed by X-ray
diffraction refinement, and the electronic structures were calculated based on X-ray absorption
spectroscopy and magnetization vs temperature plots according to the Curie−Weiss law. The results
indicate that the elongation of oxygen octahedra along the c-axis in layered perovskite could stabilize Co
ions in the intermediate spin (IS) (t2g)5(eg)1 state, resulting in dramatically enhanced electronic
conductivity and absorption capacity. Subsequently, the OER efficiency of sample with 100% Co was
found to be (incredibly) 100 times higher than that of the sample with 0% Co, with the current density
increased from 0.13 to 43 mA/cm 2 (1.8 V vs reversible hydrogen electrode); the Tafel slope was reduced
from 656 to 87 mV/dec; and double layer capacity enhanced from 174 to 4193 μF/cm2. This work reveals
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that both the composition and structure should be taken into account to stabilize a suitable electronic
structure such as IS Co ions with moderate absorption and benign electronic conductivity for highefficiency catalysis of the OER.
Furthermore, instead of only adjusting the electronic structure, we utilize ferroelectric polarization to
accelerate the oxygen evolution reaction as well (Chapter 6). This is demonstrated by in situ growth of a
secondary phase BiCoO3 on a multiferroic layered perovskite Bi5CoTi3O15 matrix to tune the eg electron
number and utilizing the ferroelectric polarization by corona poling afterward. The material system is
designed from the deliberate insertion of several layers of BiCoO 3 into the three-layered perovskite
Bi4Ti3O12. From considerations of structural tolerance and thermodynamic stability, only one layer of
BCO can be inserted to form a four-layered perovskite oxide Bi5CoTi3O15, while the residual BCO would
be deposited in situ on its surface as the secondary phase. It turned out to be very effective, the asprepared multiferroic electrocatalysts are more efficient than the benchmark IrO2 (with a final 320 mV
overpotential at the current density of 10 mA cm−2 and a 34mV dec−1 Tafel slope) thanks to the
superimposed effects of electronic regulation and ferroelectric polarization. The electronic structure and
the contribution of the ferroelectric polarization are studied in detail by various tests and measurements,
and a possible enhanced mechanism is proposed. This work not only demonstrates a low-cost and highefficient OER electrocatalyst, but also provides a strategic design for multicomponent electrocatalytic
material systems by consideration of both spin and polarization degrees of freedom.
Subsequently, we devote our efforts to exploring a new flexible structure that is competent in

providing large amounts of oxygen vacancies as well as offering the freedom to manipulate the
electronic structure of metal cations (Chapter 7). This is demonstrated by anchoring low valence
state Co at high valence state Nb sites in the tetragonal tungsten bronze (TTB) structured
Sr0.5Ba0.5Nb2-xCoxO6-δ, with different ratios of Co to Nb to optimize the Co substitution
proportion. It is found that the occupation of Co in the Nb5+ sites gives rise to the generation of
massive surface oxygen vacancies (Ovac), while Co itself is stabilized in Co2+ by adjacent Ovac.
The coexistence of Ovac and LS Co2+ enables an oxygen intercalation mechanism in the optimal
SBNC45 with specific activity at 1.7 V vs. reversible hydrogen electrode that is 20 times higher
than for the commercial IrO2. This work illuminates an entirely new avenue to rationally design
OER electrocatalysts with ultrafast kinetics.
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Chapter 1: Introduction

Chapter 1
1 Introduction
Sustainable development of human society should be expected with a switch from traditional fossil fuels
to a new era of clean energy economy lifestyle. Water splitting by electricity or by photovoltaics device
can generate hydrogen fuels with high energy density and zero pollution, being regarded as one of the
most promising techniques to alleviate energy and environmental issues [1]. However, water splitting
requires highly performing catalysts for the two half reactions on the two electrodes, known as the
hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER). It is well acknowledged
that the oxygen evolution reaction (OER) half of the overall water-splitting process is underdeveloped
compared to the other half, the hydrogen evolution reaction (HER). OER involves the formation of
oxygen-oxygen bond and relates to the four proton-coupled electron transfer processes, leading to
sluggish kinetic and consequently demand a high overpotential. Thus, OER mechanism investigations and
high-efficient OER electrocatalysts designs are the two main tasks for researchers in this field.

1.1 Research progress of OER electrocatalysts
The current commercial OER electrocatalysts are Pt or RuO2/IrO2, while a great deal of efforts have been
expended on possible alternatives due to their scarcity and high cost [2]. Earth-abundant transition metal
compounds have drawn dramatically interesting since last century, due to the low cost, high intrinsic
activity, and good stability in the alkaline electrolytes [3,4]. What’s more fascinating in perovskites and
spinel-type oxides is that its OER performance can be greatly improved based on the strong couplings
between the fundamental quantum parameters and the large freedom of regulation on the crystallographic
and electronic structures [5-8]. This has advantaged them as one of the most promising candidates among
other material families for the application of future energy devices based on water splitting.
Perovskites ABO3, for instance, La1-xSrxCoO3- (x=0~1, LSCO), is well recognized as a family of highefficient OER electrocatalysts, with the two famous end compounds, LaCoO3 (LCO) and SrCoO3 (SCO)
[9,10]. Typically, LCO adopts adsorbate evolution mechanism (AEM) during the OER process, while
SCO is capable of a faster lattice oxygen mechanism (LOM), associated with ordered oxygen vacancy or
oxygen intercalation [11,12]. This sharply contrast in the mechanism adoption intimates that OER

1

Chapter 1: Introduction

performance is strongly depended on the crystal structure, the oxidation state of Co cations, and the
oxygen stoichiometry. One of the straightforward strategies to adjust above factors in the LSCO is
chemical doping to vary the x value. For example, J. Tyler Mefford et al reported the OER activity is
enhanced with the increase of x in the LSCO, which is ascribed to the increase in the bulk oxidation state
of Co as well as the increased concentration of oxygen vacancies [13]. In the research of Xi Cheng’s
group, Sr substitutions have the effect of straightening the octahedral cage, aligning atoms along the
Co−O−Co axis, and increasing the average oxidation state of the Co cations, resulting in a considerably
improved oxygen evolution reaction efficiency of the LSCO [14]. But it is hard to prepare perovskite
oxides with low dimensional morphology with abundant active sites exposed.
In spinel AB2O4, the transition metals inside can occupy the tetrahedral and octahedral coordinations.
Many famous OER members in spinel structure are iron-based and cobalt-based compounds with doped
with such as Mn, Ni, Cu, Al and Zn [15]. Especially, Al3+ ions occupying the tetrahedral Co2+ Td sites
optimizes the adsorption, activation, and desorption features of intermediate species during OER
processes [16]. However, many researchers argue that transition metal cations in the tetrahedral sites are
not major contributors in the OER actually [17], which is resources wasting. Meanwhile, layered double
hydroxides (LDH) composed of positively-charged brucite-like host layers and charge-compensating
interlayer anions, have been regarded as the true active materials in the OER test on the cobalt- and nickel
based compounds[18]. But its OER efficiency was severely limited somehow by the intrinsic poor
electron conductivity and the unavoidable agglomeration in nano dimension [19].
Apart from above oxides, many other transition metal oxides, sulfides, phosphides are also emerging,
with compromise of OER activity between stability [15]. Despite of the tremendous materials reported
with OER activity, the intrinsic physics is still not being well understood compared with other catalysis
such as photocatalysis, which has stagnated its development despite of mature nanotechnologies.

1.2 Research progress of OER mechanisms
Since the early 20th century, the classical Sabatier principle demonstrates that the best catalysts should
bind atoms and molecules with an optimum bond strength: not too weak in order to activate the reactants,
and not too strong so as to desorb the products [20]. However, this principle lacks predictive power
because it is not quantitative and cannot be validated experimentally. Currently, various OER activity
descriptors based on transition metal oxides have been proposed to reflect the correlation of electronic
structure with OER efficiency, for example, the number of d-electrons [21], the eg band filling of the
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transition-metal cations [22], the difference between the surface binding energies of O* and HO* reaction
intermediates (ΔGO* − ΔGHO*) [23], the oxide formation energy [24], and the accumulation of the
magnetic moment on the conduction plane atoms [25]. As pointed out by Cheng et al., however, it is
better to consider the relationship of the OER activity to several physicochemical properties at the same
time, due to the fact that there is some probability of incidental correlations between a single descriptor
and the OER activity for a limited series of catalysts [26]. At the same time, the immediate reaction paths
and oxygen species evolution during the OER process are drawing more and more interests from
researchers.
For the traditional adsorbate evolution mechanism (AEM) [23,27], the rate-determining step is the O–O
bond formation through nucleophilic attack of *O by water or OH- occurring on single metal active sites
(Eley–Rideal, ER-type mechanism) [28,3]. This step can be avoided by the direct formation of the O–O
bond between the neighboring oxygen species on two adjacent active sites (Langmuir–Hinshelwood, LHtype mechanism) [29]. In principle, the LH-type mechanism with two conjunct active sites is more
desirable, but it requires the distance between two active sites to be short enough [30]. Activating the LHtype mechanism remains a challenge if only metal cations are OER-active, as two metal cations are
spatially separated by the oxygen anion in oxide catalysts, while the pure transition metals with short
metal atom distances are usually unstable as anode. Recently, O-O formation via direct coupling between
a metal cation and a lattice oxygen anion, known as lattice oxygen mechanism (LOM), has been proposed
both theoretically and experimentally [31-33]. In this mechanism, both metal cations and lattice oxygen
anions are active sites, cooperating with each other due to the short distance between them. The
underlying physics of the LOM is that the electrons involved are contributed by the metal 3d orbitals as
well as the O 2p orbitals when Fermi level enters into the O 2p band [13].
Despite the great progress achieve in the descriptors and mechanisms, the overpotential of OER is more
than ten times higher compared to the other half reaction, hydrogen evolution reaction (HER). For
instance, some ultrathin two-dimensional HER electrocatalysts such as phosphates CoP can achieve a
cathodic current density of 20 mA/cm2 at an overpotential of 85 mV owing to the extremely substantial
active sites of low dimensions and good conductivity [34]. In contrast, some OER electrocatalysts such as
phosphates Fe-Co-P alloy require at least 250 mV high overpotential to achieve a anodic current density
of 10 mA/cm2 [35]. The underlying reason for this is that the OER half of the process is limited by the
additional constraints of the spin transition on top of the charge transfer. The mechanism of the spin
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transition in the OER, however, and its significance is not yet fully understood and recognized, and there
have been relatively few studies on this point so far.

1.3 Research and thesis structure
Based on above, this thesis work aims to develop new and effective strategies to regulate the electronic
structure, reveal more underlying OER mechanisms involved, and finally provide more highly efficient
OER electrocatalyst with the potential to be further developed into practical applications in the future.
The scope of this thesis work is briefly outlined as follows:
Chapter 1 presents the general background of OER and the thesis structure.
Chapter 2 presents a literature review on the OER mechanisms with the consideration of spin attribute of
an electron.
Chapter 3 presents the main preparation methods, as well as the materials and electrochemical
characterization techniques.
Chapter 4 presents a single-phase platform to investigate the roles of the composition and structure in
tuning the electron configuration for higher OER efficiency: by three layered perovskite oxides with
subtle variations of composition and structure (doping with 0%, 50%, and 100% cobalt in the
Bi7Fe3Ti3O21).
Chapter 5 presents a heterojunction platform to tune eg electron number and corona poling ferroelectric
polarization afterwards to improve the OER activity: by in-situ grown a secondary phase BiCoO3 on a
ferroelectric matrix Bi5CoTi3O15.
Chapter 6 presents a flexible platform to introduce large amounts of oxygen vacancies as well as offering
the freedom manipulate the electronic structure of metal cations: by anchoring low valence state Co at
high valence state Nb sites in the tetragonal tungsten bronze (TTB) structured Sr0.5Ba0.5Nb2-xCoxO6-δ, with
different ratios of Co to Nb to optimize the Co substitution proportion.
Chapter 7 summarizes the conclusions that were obtained from this doctoral work and provides some
suggestions for future research work related to both piezo/triboelectric energy harvesting and piezocatalytic reactions.
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Chapter 2
2 Literature review
2.1 Introduction to the OER with the consideration of spin
The oxygen evolution reaction (OER) has been the rate-determining step that hinders water splitting
applications in various energy conversion and storage devices. It is mainly due to the fact that this process
not only involves four sequential proton coupled electron transfers, but also includes a spin state
transition from the spin singlet state of OH-/H2O to the spin triplet state of O2. Ideal OER electrocatalyst
should preserve the capability to extract electrons with same spin from adsorbates as well as smooth spin
polarized electron transportation afterwards. In order to lower the energy consumed in spintrocatalytic
OER process, it is necessary to associate an active- catalysts with specific spin configurations to promote
the spin state transition. While the spin configuration of transition metal based OER electrocatalysts, is
strongly coupled with other fundamental parameters, such as charge, orbital, and lattice, and they
determine the outward manifested properties all together. Therefore, to understand the true mechanism of
OER is to identify the roles of spin and clarify its correlations with other intrinsic parameters.
The ground spin state of singlet OH-/H2O (nonmagnetic) and triplet O2 (magnetic) are demonstrated in
Figure 2.1. By comparing the difference of reactant and resultant, it easy to understand that the formation
of the oxygen molecular with O−O π* bond demands extraction of two electrons with the same spin
direction from the surface chemisorbed OH - species by the electrocatalyst surface active sites. In theory,
the rate of a chemical reaction will be extremely slow if the spin of the electronic wave function of the
products differs from that of the reactants, as the Hamiltonian does not contain spin operators.[36]
Forbidden by quantum mechanics, oxygen evolution reaction is necessarily to be associated with an
additional stimulus energy to proceed, such as magnetic field, thermal disturbance or electric potential
[37]. For instance, oxygen molecular produced in photosynthesis is found to be determined by spin and
orbital physics of the four- manganese catalyst [38]. In terms of photocatalytic water splitting, Steeve
Chrétien et al used spin-polarized density functional theory calculation on TiO 2 (110) to reveal the
importance of spin conservation[39]. While for the electrocatalytic oxygen evolution, E. Torun testified
that O2 molecule produced on the RuO2 (110) surface is 1 eV lower in energy when the surface is
magnetic [40].

Given that TiO2 is one of the most acknowledged solar-driven water splitting
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photocatalysts, while RuO2 is one of the state-of-art electro-driven water splitting electrocatalysts, we can
say that spin seems ubiquitous in the production of molecular oxygen [41].

Figure 2.1 Ground state of oxygen, water and hydroxyl molecular orbital energy diagram.

2.2 Understanding the OER process with the consideration of spin
With respect to one O2 evolution process, four electrons are transferred from adsorbates to the active sites
by means of several steps (this part can be regarded as “surface reactions”). While these extracted
electrons should be transported from the surface through the bulk electrocatalyst to the anode finally (this
part can be regarded as “bulk transportation”). Both parts are all about electron behaviors and interaction
between adsorbates, electrocatalyst and resultants. The transformation from OH- to O2 (in alkaline) or
H2O to O2 (in acid) has similar intermediate oxygen species and evolution process for various widely
accepted reaction mechanisms [42]. OER can be treated as a process of depletion of valence electrons of
oxygen in the reactant OH-/ H2O (0) with 8 valence electrons per oxygen atom that satisfies the octet rule,
to release product O2 (5) with 6 valence electrons, among which two occupied π* are unpaired with the
same spin direction. From OH-/ H2O (0) to O2 (5), the intermediates *OH (1), *O (2), *OOH (3), *OO (4)
are chemisorptively bonded with active sites in the electrolyte-electrocatalyst interface, which are
intrinsically electron deficient due to the charge transfer to the active sites [43]. Figure 2 provides three
basic reaction paths of OER process concluded among various electrocatalysts, based on which the role of
spin will be elucidated thoroughly afterwards.

Figure 2.2 Well-recognized reaction paths proposed based on various electrocatalyst working in alkaline
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OER electrolytes. (a) Eley–Rideal (ER) type adsorbate evolution mechanism (AEM) with single metal
cation active site, from reactant OH-(0) to intermediates *OH (1), *O (2), *OOH (3), *OO (4), to product
O2 (5). The number after each oxygen species is marked for a better logics in main text, but not marked in
figures to avoid intricacy; (b) Langmuir–Hinshelwood (LH) type adsorbate evolution mechanism (AEM)
with two adjacent metal cation active sites; (c) lattice oxygen mechanism (LOM) with one metal cation
active site and one oxygen in lattice involved. LH-tpye AEM and LOM is with reactant OH-(0) to
intermediates *OH (1), *O (2), *OO* (4), to product O 2 (5), with the bypassing of *OOH (3).

As previous reported, different reaction routes will be favoured by different electrocatalysts (or by
different local crystal plane surfaces in the same electrocatalyst) in order to minimize free energy of
activation. For instance, there are two different reaction paths based on adsorbate evolution mechanism
(AEM): (1) the Eley–Rideal (ER) type and (2) the Langmuir–Hinshelwood (LH) type [25]. (Figure 2.2a,
2.2b). In AEM, adsorption of reactants or intermediates on the surface of electrocatalysts is actually the
results of orbital overlap, generation of chemisorptive bond, and charge transfer in the interface. From
traditional view, Sabatier principle suggests that the adsorptive interactions between the catalyst and the
adsorbates are expected to be "just right" [26]. Adjusting adsorption capacity of active sites has been
regarded as one of the most powerful strategies to reduce the surface reaction energy barrier. For 3d
transition metal based oxides with octahedron coordination, the adsorption capacity correlates to the eg
occupation, due to spatial overlap and energetic similarity of the electronic states [25,27]. Yang ShaoHorn’s research group revealed that the OER activity exhibited a volcano-shaped dependence on the
number of eg electrons of transition metal perovskite oxides [28,29]. Despite the complexity of the local
surface, such as reconstructions, space charges, polarity or segregation [30], we assume that there must be
some universal roles spin played during OER process, as the efficiency descriptor eg electrons number is
decided by the spin configuration of an electrocatalyst.
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Figure 2.3 Possible cases of the outer electron’s behaviours during OER process. (a) is the cases for one
active site mechanism such as ER-type AEM; (b) is the cases for two active sites mechanism such as LHtype AEM and LOM. The red squares present the hybrid orbitals of oxygen species, which is simplified
without the energy level contrasting to Figure 1. The black dashed circles and lines with arrows track the
electron transfer/hopping between adsorbates and active sites via chemisorptive bonding. The electron
depletion occurs as the red dashed circles and lines denoted, which are delivered away surface to bulk.
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Here, the spin direction of the four electrons are down-up-down-down, other possible cases can also be
possible if three in four electrons are in the same spin direction.

Figure 2.3a shows one possible situation of the outer electron’s behaviours from the spin view during the
ER-type AEM process. The six electrons of OH - (0) in electrolyte are all paired occupied the three low
energy orbitals, from which let us assume that the active site will select a spin down electron for the
formation of *OH (1). In this stage, the electron actually is still shared by the adsorbate and surface-active
site due to their shared chemisorptive bond. It should be extracted from surface afterwards via bulk
transport to the external circuit to make the active site available for the transformation of *OH (1)-*O (2).
If the electron extracted during the formation of *OH (1)-*O (2) is spin down; spin up for the next one
during the formation of *O (2)-*OOH (3), then the subsequent one during the formation of *OOH (3)*OO (4) should be spin down for the evolution of O 2 (5). If the electron extracted during the formation of
*OH (1)-*O (2) and *O (2)-*OOH (3) are spin down, then the subsequent two electrons should be with
different spin directions. Hence, we find that the rationale is that three in four electrons extracted from
reactant and intermediates are in the same spin direction. It should be noted that other cases can be
possible, since spin selection during each electron transfer is dictated by the contemporary available
orbital of the active sites. If the active sites are not capable of extracting three spin up and one spin down
electrons, some electrons have to suffer a spin flip during transferring to satisfy the rationale before
oxygen evolution.
Now, we inspect the situation of other reaction routes these two active sites: LH-type AEM and LOM. In
these cases, the transformation of *O (2)-*OOH (3) and *OOH (3)-*OO (4) are replaced by *O (2) *OO* (4), the energy barrier is relatively lower as it detours the rate-limiting step of OOH* (3) with the
collaboration of two adjacent cation active sites (Figure 2.2b, and 2.2c). For instance, the OER activity
of quadruple perovskite CaCu3Fe4O12 (CCFO) exceeds that of the benchmark Ba0.5Sr0.5Co0.8Fe0.2O3-
(BSCF) and RuO2 by adopting the LH-type mechanism [31]. As explained, it is benefited from the
catering geometric structure of the shorten oxygen–oxygen distance (~2.6 Å) induced by heavily bent Fe–
O–Fe bonds. Lately, O-O formation via direct coupling between metal cation and lattice anion known as
lattice oxygen mechanism (LOM) is observed in today’s most active transition metal oxide OER
electrocatalysts [7-9,32]. The underlying physics of LOM is that the Fermi level is lowered into oxygen
2p band induced by the strong overlap of metal 3d with oxygen 2p [33]. Generally, the kinetic of LOM is
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even faster than ER-type AEM due to the non-concerted proton–electron transfer process, as reported in
LOM-adopted CaCoO3 with substantially smaller lattice parameter and shorter surface oxygen separation
[34]. In LOM, the redox centre of the catalyst is no longer limited to the metal alone, and the ligand holes
are also involved in the oxidation reaction. It’s noteworthy that the prerequisite for rapid LOM reaction is
that O p-band centre is close enough to the Fermi level, which is also the culprit for poor stability of
electrocatalysts [35]. One of the differences between LH-type AEM and LOM is that lattice oxygen is
activated as active sites in LOM. Similarly, the spin rationales based on these two active sites involved
mechanisms (LH-type AEM and LOM) are in line with that concluded from one active site mechanism
(ER-type AEM), as depicted in Figure 2.3b.
The selective removal of spin-polarized electrons from the active sites, allows the appropriate magnetic
moment for oxygen molecules to evolve. To realize this kind of selective electron removal on the surface,
electrons transferred to bulk should be with certain spin polarization to prompt the kinetics. Hence, the
bulk transportation in OER is not only simply about charge transfer but also associating with the spin
transport. Therefore, materials coupled mixed-valence spin acceptors guarantee spin passages in principle
with minimum Gibbs energy of activation are strongly desired [44]. Some measurable physicochemical
properties can be representative to access the efficiency in the bulk transportation part, such as conductive
and magnetic property, and their correlations with OER efficiency have been extensively studied [45,46].
With a clear understanding of OER mechanism, following sections will discuss the specific roles of spin
played in the OER process from several correlated physical, chemical and crystal and electronic structural
aspects.

2.3 Influence of oxidation states on the OER
The fulfillment of electron-counting rules for maximum stability of oxidized transition metal ions is the
main driving force for the OER activity. The harder to lose electrons when forming compounds with
anions, the stronger driving force in the OER electrocatalytic reaction, and this ability is decided by the
oxidation (electrophilicity) of transition metal ions. As a matter of fact, Sabatier principle mentioned
above can be understood in terms of the simplest descriptors in chemistry: the number of outer orbit
electrons and the oxidation states [47]. Throughout the periodic Table, alkaline earth metals are always in
the valence of 2+, and Ln group are usually in the valence of 3+. While for transition metal oxides with
unfulfilled 3d orbital, their oxidation tends to vary a lot. According to the electrically neutral principle,
the oxidation of transition metal ions can be adjusted by means of manipulating the element composition.
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The element selection in A-site ions can impose constraints on B-site transition metal cation valence as
well as oxygen non-stoichiometry. For example, in ABO3 perovskite, valence states of B-site transition
metal cations is decided by the A-site cations, which can accommodate alkaline, alkaline earth, and rare
earth metal ions with valence states ranging from 1+ to 3+ (The valance state of Co cations may be 2+, 3+
to 4+ depending on the amount of Sr (2+) in the perovskite LaSr 1-xCoxO3). The oxidation state of the
transition metal ions can be easily determined by X-ray photoelectron spectroscopic analysis (XPS) [48],
X-ray absorption spectroscopy (XAS) [49], electron energy loss spectroscopy (EELS) [50], and
Mössbauer Spectroscopy [51], and iodometric titration [52].
Oxidation state influence the OER efficiency by determining the spin state, eg electron number, bond
length and exchange interaction. At first, higher oxidation means less electrons in the d orbitals for a
certain element. Meanwhile the number of electrons in d orbitals together with its crystal field directly
decides the spin state and eg electron number, both of which are very important factors for OER (will be
discussed in the following parts). Here an example of cobalt element with different oxidation is provided
in Table 2.1. For a cobalt ion with 2+ oxidation in an octahedral coordination, it has seven electrons in
3d orbitals with two possible electronic configurations. That is high spin (HS, (t2g)5(eg)2) with two eg
electrons in the weak crystal field and low spin (LS) (t2g)6(eg)1 with one eg electron in the strong crystal
field. But for cobalt with 3+ oxidation, there are six electrons in 3d orbitals with three possible spin
configurations: high spin (HS, (t2g)4(eg)2, two eg electrons), low spin (LS, (t2g)6(eg)0, zero eg electron) and
intermediate spin (IS, (t2g)5(eg)1, one eg electron). There is only on spin configuration of 4+ cobalt.

Table 2.1 Property variation of cobalt element with different oxidation.
Co2+(3d7)

Property

Co3+(3d6)

Co4+(3d5)

Spin state

HS

LS

HS

LS

HS

Configuration

(t2g)5(eg)2

(t2g)6(eg)1

(t2g)4(eg)2

(t2g)6(eg)0

(t2g)3(eg)2

eg number

2

1

2

1

2

Radius

88.5 pm

79 pm

75 pm

68.5 pm

67 pm

Electronegativity

2.234

2.613

3.36

3.88

4.703
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From the Table 2.1 we can see that an ion at high oxidation state, or same oxidation with low spin state
would result in a smaller ion radius, which may further shorten the bonding length between the adjacent
ions. While the significance of bonding length in choosing surface reaction route has been mentioned
above. Moreover, oxidation of cations also affects the exchange interaction and conductivity in bulk
which relies on the spin state and bonding length of materials. For instance, the exchange of Mn 3+-OMn4+ is double exchange interaction with half metallic in La 1/3Ca2/3MnO3, while Mn2+-O-Mn2+ is superexchange interaction with insulator in MnO (More details will be discussed in the following parts) [53].
Generally, higher oxidation state is relatively more beneficial to accelerate the OER process, because its
electrophilicity is strengthened and the adsorption and reaction of –OH to form adsorbed –OOH are
boosted, as reported by many researchers [54]. Another phenomenon can’t be ignored is that the
formation energy of oxygen vacancy has been found to be correlated well with the number of electrons of
the transition metals [47], so higher oxidation may bring about certain amount of oxygen vacancies in the
electrocatalysts. While the advantages of oxygen vacancy on the electrocatalytic OER activity have been
intensively investigated in LiCo0.8Fe0.2O2, SrNb0.1Co0.7Fe0.2O3-δ and La0.6Ca0.4CoO3, for example [55].
Furthermore, d band of the late transition metal ions with high oxidation have larger possibility to hybrid
with p band of oxygen. In this situation, electrons of Fermi level are also contributed by oxygen anions
and the redox centers are no longer limited to the 3d transition metal cation active sites alone [56].

2.3 Influence of crystal field splitting on the OER
Metal cations are coordinated by negatively charged anions in the oxides, sulphides or phosphides. The
electrons of the cations are repelled by the neighboring anions ligands due to the repulsion of same
negative charges. In this regard, the orbital energies of cations are raised and a crystal field potential is
generated. Then the free rotation of the electrons is hindered and the orbital angular momentum is
quenched, resulting in the crystal field splitting of the d orbitals of cations (degeneracy). Here is an
example in the octahedral symmetry (Figure 2.4a), where six oxygen anions form an octahedron around a
metal cation and the d orbitals of cation split into two sets with an energy difference (Δoct). Since the dxy,
dxz and dyz orbitals (named t2g) are farther from the oxygen anions with less repulsion, it is in lower energy
(-2/5Δoct) compared to the directly head-to-head dz2 and dx2-y2 orbitals (named eg, 3/5Δoct). While in a
tetrahedral crystal field (Figure 2.4b), four oxygen ions form a tetrahedron around the metal cation but
they do not orient directly towards any d orbitals, so the energy splitting (Δtet) is lower than Δoct. Under
this circumstances, lower energy orbitals will be dz2 and dx2-y2 (eg orbitals), and the higher energy orbitals
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will be the dxy, dxz and dyz (t2g orbitals). Certainly, there is also other possible coordinations resulting with
more than two sets of orbitals, and Figure 2.4c-f provides list some common cases.

Figure 2.4 3d orbit crystal field splitting of several coordination. (a) Octahedral, (b) Tetrahedral; (c)
Square pyramidal; (d) Square planar; (e) Trigonal pyramidal; (f) Pentagonal bipyramidal.

Crystal field splitting plays very important role in determining the spin configuration of d-band transition
metals. Electrons tends to be in the configurations with the maximum unpaired number to reduce the
pairing interaction energy (P), but additional energy are required to occupy the high energy orbital due to
the crystal field splitting energy (Δ). Therefore, for a certain cation with a certain number of electrons, the
spin configuration is decided by the competition between crystal field splitting energy (Δ) and electron
pair interaction energy (P). In 3d transition metal oxides, crystal field splitting energy and electron pairs
interaction energy are sometimes of comparable magnitude, which lead to very competing spin states.
Generally, 4d or 5d transition metal oxides have low spin (LS) configurations with weaker electron pairs
interaction energy compared with the 3d metals [57].
In general, crystal field splitting of the d orbit is affected by the following factors: (1) the nature of the
metal ion; (2) the metal ion’s oxidation state; (3) the arrangement of the ligands around the metal ion; (4)
the nature of the ligands. In the first place, the higher oxidation state for a given metal, the larger
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magnitude of crystal field splitting energy (Δ). Inversely, the transition metals with the high oxidation
states are more stable in the large crystal field, such as face-shared polyhedral coordination stabilized
Co4+ [58]. Secondly, small bond length between the ligand and the metal ion associates with large crystal
field (Δ), which means that crystal field splitting can be manipulated by changing the lattice constant,
bonding length, distortion or other structure parameters. Thirdly, spin state of the cations also impose
effect on the crystal field splitting. For example, uneven occupations of the d sub-orbits may change the
bonding length via Jahn–Teller distortions, and thus influence the crystal field itself conversely. Different
ligands such as oxides, sulfides, selenide, phosphides also have strong impacts on the OER efficiency
with totally different electronic/spin structure, [59]. The influence of transition metal coordination on the
OER activity and stability of perovskites has been reported by many researchers [58].

2.4 Influence of eg electron occupation on the OER
According to the crystal field splitting theory, 5-fold d orbitals will be degenerated into orbitals with
different energy level according to the coordination environment symmetries. Only the electrons occupied
at the high energy orbitals in the octahedral environment is called eg electrons. In other coordination
conditions, such as tetrahedron, bipyramidal, square planar, square pyramidal, the situations are different.
Generally, the high-energy (HE) orbital parentage of cations is considered to more easily react with
oxygen-related adsorbates due to their matched energies compared to other orbitals [60]. Here we select
eg electrons in the octahedron environment as a representative to discuss the effects of the high-energy
(HE) orbital. In the octahedron, eg orbitals will have strong spatial overlap with those of adjacent O 2p
orbitals, forming -bonding and *-antibonding states with partial metal and oxygen character. While t2g
have weaker spatial overlap with nearby O 2p orbitals and form π-bonds and π*-antibonds. Therefore, the
electron number of eg orbital decides the chemisorption capability of OH- to form bonding with metal ions.
According to the Sabatier principle, the chemisorption bonds between electrocatalyst and oxygen species
should be “just right” for the optimum efficiency. The presence of a single/unit electron in the
antibonding eg orbital is expected to yield just the appropriate strength of interaction. Yang Shao-Horn’s
research group revealed that the OER activity of transition metal perovskite oxides exhibited a volcanoshaped dependence on the number of eg electrons (optimal eg1.2) [60]. Unit eg electrons has been one of
the most powerful strategies in material design to improve the OER performance of various perovskite
oxides [61,62]. The perovskite Ba0.5Sr0.5Co0.8Fe0.2O3–δ (BSCF) with the (t2g)5(eg)1.2 electronic

14

Chapter 2: Literature review

configuration of Co cations designed by following Yang Shao-Horn’s principle has become the state-ofart OER electrocatalyst instead of IrO2 [63]. Notably, the optimal eg occupancy proposed by Yang ShaoHorn’s research group is not an integer, indicating that the spin states of the transition metal atoms are an
average value shared by the entire system, i.e., delocalized in the crystalline field [64].

Figure 2.5 Possible spin states and eg electrons of different electronic configuration in the octahedron
coordination. The uneven occupation in red will introduce certain degree of Jahn-Teller distortion.

The number of eg electron is basically determined by spin states, and Figure 2.5 displays d0-d10 cations in
the octahedron coordination. However, the orbit occupation also influences on the local coordination
geometry inversely. One common phenomenon is the Jahn–Teller distortion caused by uneven orbit
occupation. Suppose one electron occupies the dz2 orbital and no electron in the dx2-y2 (d4, HS), then the
metal–oxygen bonding will be elongated along c direction in the lattice due to the stronger Coulomb
repulsive potential of c direction compared to ab plane [65]. Such an elongation weakens the metaloxygen covalent bonds, which will inevitably bring about changes of the surface local coordination
geometry as well as the electronic properties. For instance, Jahn–Teller distortion might facilitate the
forming of oxygen defects on the surface or oxygen vacancies in the crystals while maintain the pristine
structural framework, both of which affects the OER kinetics [66]. It is reported that oxides with one eg
electron and thus the Jahn–Teller distorted metal–oxygen octahedron show high activity for OER
irrespective of the crystallographic structure of the catalyst [65]. Besides, another possible consequence
brought about by Jahn–Teller distortion is the variation of metal-oxygen-metal bond length, which will
also lead to different types of exchange interaction and the switch between RE-type and LH-type reaction
mechanism.

2.5 Influence of the bond length on the OER
15

Chapter 2: Literature review

The importance role of bond length on the OER efficiency can be justified by: (1) the OER reaction route
taken place on the surface; (2) electron transportation in the bulk. Just as illustrated in the OER
mechanism above, LH-type reaction with fast kinetics occurs only when the oxygen-metal-oxygen
distance is short enough. In the simple cubic perovskite SrFeO 3, the oxygen–oxygen distance is ~3.9 Å
with the linear Fe–O–Fe bonds (~180°), which is too large to permit the oxygen atoms to interact with
each other and form oxygen molecules via LH-type route. In a sharp contrast, the oxygen–oxygen
distance is shortened to ~2.6 Å by heavily bent Fe–O–Fe bonds (~140°) in the quadruple perovskite
CaCu3Fe4O12, which has exceeded the state-of-the-art Ba0.5Sr0.5Co0.8Fe0.2O3- and RuO2 OER
electrocatalysts [29]. The superior OER efficiency in α-Mn2O3 than Mn3O4 could also be ascribed to the
dominated LH-type mechanism in the former one with a large variety of Mn−O bond lengths [67], and
the uneven occupation of the eg orbital and Jahn−Teller distortion [68].
The bond length also imposes its effects on the exchange interaction between adjacent ions as well as the
electron conductivity, as the strength of the exchange interaction (exchange integral) is related to the
wavefunction overlap, which decreases approximately exponentially when the proton–proton distance
(bond length) increases. When the overall electronic and magnetic structure allows for the coupled
charge-spin transport, increasing covalent metal-oxygen bonding increases the magnetization of the
oxygen atoms through spin donation from certain high-spin transition metal ions, which is very desirable
for lowering the spin transition potential from singlet OH -/H2O to triplet O2 product. In the perovskite
with small tolerance factor (R), metal-oxygen-metal bonds will be bended and deviated from 180°of the
ideal perovskite structure, and the oxygen 2p−metal 3d transfer energy value will be decreased, which is
confirmed to be favorable for the OER efficiency [69]. The monotonic increase in OER activity
associated the average Mn−Mn distance from ~3 to ~3.2 Å was observed in the manganese oxides Mn 2O3,
Mn3O4 and AMnO3 and AMn7O12 perovskites (A=Ca, La, etc) [70]. The bond length (including the
bonding angle) depend on the crystal lattice and electronic structures of the materials. There are many
factors determine the bond length of the ions in a specific compound, including the pristine structural
framework, oxidation of transition metal cations, eg occupation/Jahn-Teller distortion and lattice defects.

2.6 Influence of conductivity and magnetic property on the OER
Atoms in covalent oxides interact with each other to exchange charge and spin through the orbital
hybridization. This kind of coupling between intrinsic angular momentum of the electrons and orbital
ordering is called quantum exchange interaction [71]. In transition metal oxides, the exchange interactions
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between metal cations via oxygen anions can be explained by the Goodenough-Kanamori rules, known as
super-exchange interaction, and double-exchange interaction [71]. As shown in Figure 2.6a, two metal
cations with the same oxidation states are 180°antiferromagnetic coupled via an intermediary oxygen
anion. In this case, the spin direction of the electrons of the two cations are antiparallel. If the two cations
are connected at 90°via an intermediary oxygen anion, the exchange interaction becomes ferromagnetic,
resulting in the same spin direction of the neighboring cations (Figure 2.6b). If the two metal cations are
with different oxidation states, the spin direction of their electrons is coupled through double exchange
interaction, as shown in Figure 2.6c. Oxygen anion gives up its spin-up electron to the higher oxidized
cation, then its vacant orbital will be filled by a spin-up electron transferred from the adjacent lower
oxidized cation. At the end of the exchange, an electron has been transferred between two neighboring
metal cations with the preservation of its spin direction. Since the reverse of spin direction is avoided in
the double exchange interaction process, the transportation speed is relatively fast. Take the
La0.5Sr0.5MnO3 compound as an example, double exchange are facilitated with the increase the oxygen
deficiency and Mn 3+/Mn 4+ ratio, resulting in the enhanced conductivity and OER efficiency [72].

Figure 2.6 Possible inter-ions exchange interaction types in the transition metal oxides.

In the spin-consuming OER process, proper exchange interaction between metal cations in the
electrocatalyst can accommodate a spin current together with fast charge transfer. It will reduce the
Coulomb repulsions with more itinerant charge carriers during the bulk transportation [71], which can
also dramatically decreases the activation energy of spin-selective steps on the surface reaction [57].
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Specifically, exchange interaction affects the stability of the intermediate species and hence influences the
kinetic barrier to bond formation and cleavage. For example reductive cleavage of the O-O * bond
(oxygen reduction reaction, ORR) is favored when the metal active sites are antiferromagnetic coupled,
whereas oxidative formation of the O-O * bond (OER) is favored by ferromagnetic coupling [24].
Iwakura et al experimentally proved that the OER overpotential is diminished with the increase in
magnetization in the spinel ferrites [73]. Nevertheless, a ferromagnetic exchange interaction is not
sufficient condition to guarantee a highest OER efficiency. First-class electrocatalysts should also have
empty orbitals to preserve an incoming spin flow [74]. For instance, for the active sites with high spin
state 3d5, (t2g)3(eg)2, is not ideal for OER, since the incoming electrons from adsorbates need to be paired
with pre-existing electrons in the orbit with release of energy which make it difficult for the following
desorption and transport process [75].
Higher delocalization and more unpaired electron number is favorable to increase the conductivity in the
bulk transition metal oxides without the consideration of spin. Dependency of conductivity on the
increased unpaired electrons was observed in the CoFe 2−xCrxO4 with the replacement of Fe (3+, d5,
(t2g)3(eg)2) by Cr (3+, d3, (t2g)3). When increasing the x, (t2g)3–(t2g)3 interaction remains but interaction of
eg orbitals is interrupted, so the number of unpaired electrons increases resulting in the enhanced
conductivity [76]. Meanwhile higher delocalization degree of electrons can enhance the conductivity of
the electrocatalysts, decreasing the energy consumption of the electron transportation. For example, delectron delocalization is induced by the structural distortion in the confined two-dimensional ultrathin
nanosheets NiS and NiSe with the Ni2+ (t2g)6(eg)2, resulting in enhanced electrical conductivity and OER
efficiency [64]. However, caused by the strong on-site Coulomb repulsive interaction, most of the pristine
perovskite oxides do not have synchronized appropriate eg electron filling degree and electrical
conductivity at the same time [64].
So as to the magnetic property of a material, it is rooted in the exchange interaction between adjacent ions,
and comprehensively linked to its crystal morphology and microstructure. Figure 2.7a depicts the
ferromagnetic (FM) characteristic in a lattice of d orbit unfulfilled transition metal oxides, in which spin
can be accumulated in any direction, resulting various spin polarization planes. Spin in the A-type
antiferromagnetic (A-AFM) in Figure 2.7b has a chance to be preserved in only one current plane,
because of the intra-plane ferromagnetic and inter-plane antiferromagnetic characteristics. For G-type
antiferromagnetic (A-AFM) in Figure 2.7c, there is no any spin accumulated plane. If the opposing
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moments introduced by antiferromagnetic interaction are unequal and there will be a spontaneous
magnetization remains. This is called ferrimagnetism, and happens in the materials composited by
different cations. In theory, materials with FM type interaction are usually more conductive with higher
rate of charge and spin transfer compared with AFM type oxides. With regard to the AFM interactions,
A-AFM OER oxides are usually performed high activity due to the spin polarization favoring the step of
oxygen releasing in Figure 2.7c and 2.7d at intra-plane ferromagnetic surface layers [25]. Wellrecognized high-efficient OER electrocatalyst such as Ba0.5Sr0.5Co0.8Fe0.2O3–δ (BSCF) is with A-AFM
ground state. By doping Nb5+ ions into strontium cobaltite to reinforce an individual A-AFM ordering
allowing spin-covalent bonding to accumulate larger magnetic moments on the conduction planes, the
OER efficiency of SrNb0.1Co0.7Fe0.2O3- and SrScxNbyCo1-x-yO3- have surpassed the BSCF by several
factors. G-AFM ordering in the octahedral coordination oxides are not-so-good OER electrocatalysts
given the fact that the signs of magnetic moment in any direction of conduction is cancelled out
completely, resulting in zero spin current even though they link transition-metal atoms with a large
magnetic moment. Perovskites with high spin G-AFM exchange interactions such as LaFeO3, LaCoO3,
CaMnO3 and LaMnO3 have limited conductivity (<10−3–10−4 Ω−1 cm−1) and low electrocatalytic activity
(antiferromagnetic insulators), compared with the ferromagnetic (FM) CaMnO 3- and Ca0.9Yb0.1MnO3-
[41]. Ferrimagnetic materials with AFM exchange interaction and uncompensated magnetic moments
such as spinel Mn3O4 [77], NiCo2O4 [78] are good catalyst for OER due to better conductivity than pure
AFM material. Paramagnetic conductors (>10 −3 Ω−1 cm−1), EuNiO3, PrNiO3, LaNiO3 and for example are
good electrocatalyst for OER are good catalysts [74].
To sum up, OER efficiency and magnetic property of a material is of a certain degree of relevance, since
both of them are in connection with intrinsic exchange interaction of the atoms. If we want to assess the
possible OER activity of a material from magnetism angle, ferromagnetic conductors may be the most
desired type in terms of conserving the spin current. One of the most important character of this class of
materials is that they usually are spin polarized meeting the requirements of good conductivity and
unpaired d orbit electrons, which facilitate the efficient spin transport in step 3 and step 4 in ER-type (or
step 3 in LH-type). However, appropriate adsorption/desorption strength cannot be ignored which also
require the FM conductors to be with around unit eg electron numbers.
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Figure 2.7 Types of magnetic interaction in the crystal lattice. (a) Ferromagnetic (FM); (b) G-type
antiferromagnetic (G-AFM); and (c) A-type antiferromagnetic (A-AFM).

2.7 Influence of oxygen p band on the OER
Metal-oxygen co-valency and the computed center of the oxygen p band relative to the Fermi level have
been also proposed as a descriptor of the OER activity and stability [79]. In oxides, hybridization of the
metal d orbitals and O 2p orbitals occurs due to the spatial overlap and energetic similarity of the
electronic states [28]. As shown in Figure 2.8, shifting the oxygen p band closer to the Fermi level, the
metal d band mixed with the oxygen p band, and the redox center of the catalyst is no longer defined by
the metal alone. As when anionic redox is activated, the lattice oxygen atoms also involved in the
oxidation reaction, and O2 molecule release step is linked to a phase with dynamic oxygen vacancies
(oxygen vacancies can bring about higher magnetization and conductivity) [41]. This kind of lattice
oxygen evolved reaction route will definitely result in faster kinetics and it has been observed for today’s
most active OER oxide catalysts [56]. In fact, the electrons from oxygen p band are spin polarized when
they are at the Femi level in the situation of either lattice oxygen or oxygen vacancies evolved mechanism.

Figure 2.8 Possible OER mechanism induced by change of center of the oxygen p band relative to the
Fermi level.
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The degree of metal–oxygen hybridization can be tuned by the choice of transition metal ion and its
oxidation state. For example, the number of d electrons and electronegativity increase when moving
across a row on the periodic table, which can lower the metal d states below that of the oxygen 2p states,
resulting in bonding metal d bands and antibonding oxygen 2p bands. It has been predicted that Fe 4+
ions have higher OER activity than Mn 3+ ions (isoelectronic d6 configuration) and Co 5+ are also
expected to have higher OER activity than Ni 6+ ions (d4 configuration), due to the higher degree of
metal–oxygen hybridization in their oxides [29].Yet, if the O p-band center is lifted too close to the Fermi
level, the stability of electrocatalysts will be decreased [79].

2.8 Gaps in Literature
(1) Electron transportation behaviours in the spintrocatalytic OER process can be regarded as battlefield
with two correlated parts, the frontline is the electron extraction from adsorbates by the active sites of
electrocatalysts, and the backup is the electron transport in the bulk electrocatalyst. To meet the needs of
surface frontline, that is, at least two electrons extracted with the same spin polarization, subsequent
electron transport in the bulk section is expected to be with the same spin polarization to lower the overall
energy consuming. In the most cases of OER electrocatalysts, there exists spin, charge, orbital, and lattice
couplings, and a subtle change in one part may affect the situation as a whole, just like the butterfly effect.
Although the complexity making it a big challenge to discern the specific roles and contributed proportion
of each factors, it provides great freedom of artificially manipulation for better performance at the same
time.
(2) Ideal OER electrocatalyst should preserve the capability to extract electrons with same spin from
adsorbates as well as smooth spin polarized electron transport afterwards. Transition metal compounds
with higher oxidation, appropriate crystal field and local coordination, around unit eg electron, shorter
bond length, and FM (or A-AFM, including ferrimagnetic case) exchange interaction will be highly
desirable for enhancing the overall OER efficiency. By reducing the dimensional of the materials, in
atomic thickness for example, bulk transportation part may be negligible and then there is higher degree
of freedom to optimize for the fast surface reaction. However, if a single phase cannot simultaneously
exhibit advantages mentioned above, a heterojunction of two phases may be a considerable choice.

2.9 Research Plans
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To verify the conclusions above, a single-phase platform to investigate the roles of the composition and
structure (charge and lattice) in tuning the electron configuration (spin) for higher OER efficiency was
designed (Chapter 4). At the same time, a heterojunction platform to tune eg electron number (charge and
spin) and corona poling ferroelectric polarization (lattice and orbital) to improve the OER activity was
designed (Chapter 5). Finally, a flexible platform to introduce large amounts of oxygen vacancies as well
as offering the freedom manipulate the electronic structure of metal cations was designed (Chapter 6).
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Chapter 3
3 Experimental Methods
3.1 Materials Preparation method
3.1.1 Hydrothermal Method
Hydrothermal synthesis is a common method for synthesizing inorganic materials. The first step is
dissolving the raw materials into a solution, and then the aqueous solution is sealed in an autoclave which
includes a polytetrafluoroethylene (PTFE)-lined stainless-steel vessel. The autoclave is then heated to a
certain temperature (below 220 ℃), while the pressure in the sealed autoclave varies from 1 MPa to 1
GPa. The disadvantages of hydrothermal/solvothermal synthesis are as follows:(1) the need of expensive
autoclaves; (2) safety issues during the reaction process; (3) impossibility of observing the reaction
process. However, compared with other methods for synthesizing materials, the hydrothermal reaction
method shows evident advantages in controlling the material size and morphology, since the material will
grow slowly under high temperature and pressure. Thus, it is always used to fabricate nanoscale materials
with specific morphology. In addition, the hydrothermal reaction method is quite simple, because it
contains less steps, and the reaction temperature is not very high, since the sealed autoclave can form the
high-pressure environment. Furthermore, the chemical ratio is easy to control, especially for volatile
materials. In this thesis, the nanomaterials used in Chapter 4 and Chapter 5are synthesized by the
hydrothermal reaction method.
3.1.2 Solid State Method
The solid state reaction, which is also called a dry media reaction, is a chemical reaction system in the
absence of a solvent, which is the most widely used method for preparing polycrystalline ceramics.
Generally, in a typical solid state reaction process, raw materials are mixed thoroughly via a ball-milling
machine or by the hand in an agate mortar, and then the mixed materials will undergo pre-sintering with
the chemical reaction taking place at this stage. After the pre-sintering, the powders will be ground again,
followed by pressing the powders into pellets for a second sintering at an appropriate temperature with
the aim of forming the desired phases. The advantages of solid state reactions ripple throughout many
industries. It is important to economics because the elimination of solvents means that products will cost
less. This, in turn, will make those products cheaper to buy. With normal reactions, scientists need to
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remove the residual solvent from the resulting product after a reaction has finished. Producing materials
from a solid state reaction will mean that scientists are able to bypass the purification process. Eliminating
the solvent from the reaction means that a solid state reaction produces more product than a normal
reaction can. It also is more environmentally friendly. Since there is no solvent, there is no waste to
eliminate at the end of the reaction. Although there are many benefits to developing solid state reactions,
there are also many drawbacks. The ideal process should result in a homogeneous, or uniform, substance,
and some solid state reactions do not. In addition, these reactions are, for obvious reasons, useless for
reactions requiring solvents. In this thesis, the materials used in Chapter 6 are made by the solid state
reaction.

3.2 Materials Characterization Techniques
3.2.1 Powder X-ray Diffraction (XRD)
Powder XRD is mainly used to identify crystal structures and phases of samples. Prior to analysis, the
sample must be finely ground and homogenized. XRD signals occur due to constructive interference of
monochromatic X-rays following diffraction through a crystalline sample when conditions satisfy Bragg's
Law (nλ = 2dsinθ), where n represents any integer, λ represents the X-ray wavelength, d represents the
distance between lattice planes, and θ represents the angle of incidence with the lattice plane. The XRD
patterns were collected via a GBC-MMA X-ray diffractometer or Rigaku-TTR III X-ray diffractometer
with a Cu Kα radiation (𝜆 = 1.5418 Å) at room temperature in air.
3.2.2 Scanning Electron Microscopy (SEM)
A scanning electron microscope (SEM) is a type of electron microscope that produces images of a sample
by scanning the surface with a focused beam of electrons. The electrons can interact with atoms in the
sample and produce various signals, such as secondary electrons and backscattered electrons, which can
be collected by detectors and form images of the sample. In addition, characteristic X-rays are produced
by inner electron transitions, which can show the distribution of elements and compounds. With an
energy dispersive spectroscopy (EDS) facility, the elemental composition can be analyzed immediately.
In this thesis, the surface morphology and elemental information were characterized by JOEL JSM-7500F
or JSM-6700F with an energy-dispersive X-ray spectroscopy facility.
3.2.3 Transmission Electron Microscopy (TEM)
In TEM a high-energy electron beam is transmitted through a sufficiently thin specimen, with the
interaction between incident electrons and the specimen resulting in the formation of an image. TEM can
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provide specimen information, including on morphology, crystal structure, and electronic structure. In
addition, selected area electron diffraction (SAED) can be used to identify crystal structures and crystal
defects. In this doctoral thesis, TEM was carried out using JEOL JEM-ARM200F, JEOL JEM-2011 and
JEOL JEM-2100F transmission electron microscopes.
3.2.4 Scanning transmission electronic microscopy (STEM)
Scanning transmission electronic microscopy (STEM) is a type of TEM equipped with additional
scanning coils, detectors, and the necessary circuitry. Unlike a traditional TEM, the electron beam in an
STEM is focused to a fine spot, which is then scanned over the sample in a raster pattern. The raster
pattern of the electron beam across the sample makes STEM suitable for several analysis techniques, such
as annular dark-field imaging (ADF), electron energy loss spectroscopy (EELS), and elemental mapping
by energy dispersive X-ray (EDX) spectroscopy. In this thesis, the crystal structure information was
obtained from a JEOL ARM200F microscope. Elemental mapping was performed on the X-ray
spectrometer attached to the JEOL ARM200F microscope.
3.2.5 Raman Spectroscopy
Raman spectroscopy is a widely used spectroscopic technique, and is mainly used to collect information
on low-frequency vibrational and rotational modes in a system. The laser interacts with phonons,
molecular vibrations, or other excitations, causing the energy of some of the laser photons to shift upward
or downward. Such shifts in energy provide information on vibrational modes in the system, which are
specific to certain chemical bonds and the symmetry of the molecules. In this doctoral thesis, all Raman
spectra were collected using a SPEX-1403 Laser Raman spectrometer excited by a 532 nm wavelength
Ar+ laser.
3.2.6 X-ray Photoelectron Spectroscopy (XPS)
XPS is a surface-sensitive quantitative spectroscopic technique. Specifically, this technique can measure
the elemental composition, oxidation state, quantity, and binding energies of a sample. XPS spectra are
recorded by irradiating a sample with X-rays and measuring the kinetic energy and number of electrons
with an escape depth of typically < 10 nm. XPS data in this doctoral thesis was collected using a SPECS

XPS/Auger spectrometer or an ESCALAB 250 system (Thermo Scientific).
3.2.7 X-ray absorption spectra (XAS)
XAS is a powerful technique which has the ability to reveal the molecular structure and orientation at
surfaces, interfaces and within thin films. Depending upon the energy of an absorbed X-ray, a core-level
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electron can be excited to an unoccupied but bound molecular orbital, or to a free state above the vacuum
level. The critical aspect is that the absorption cross section of X-rays near the binding energy of a core
electron is highly sensitive to the local bonding environment of the atom; by carefully recording the
absorption spectrum in this near-edge region, this bonding environment can be probed. Although a direct
absorption measurement is challenging, there are several methods of indirectly measuring an absorption
spectrum, including the total electron yield (TEY), partial electron yield (PEY), Auger electron yield
(AEY), fluorescence yield (FY) and attenuation of the incident X-ray flux (X-ray transmission). The soft
X-ray absorption spectra (XAS) were collected at the BL12B-a facility of the National Synchrotron
Radiation Laboratory (NSRL, Hefei, P. R. China) using the synchrotron radiation from a storage ring
running at 800 MeV with an average current of 300 mA, and Soft X-ray Spectroscopy beamline at the
Australian Synchrotron (AS, Australia), BL14W1 facility of the Shanghai Synchrotron Radiation Facility
(SSRF, P. R. China).
3.2.8 Brunauer, Emmett and Teller (BET) surface area
The BET theory is commonly used to evaluate the gas adsorption data and generate a specific surface area
result expressed in units of area per mass of sample (m2/g). This method is widely used for most
materials, but is most reliable for materials with a Type II or Type IV isotherm with sufficient level of
interaction between the adsorbate gas and the surface. Prior to analysis, the sample must be
preconditioned to remove physically bonded impurities from the surface of the powder in a process called
degassing or outgassing. The specific surface area of a material is then determined by the physical
adsorption of a gas (typically nitrogen, krypton, or argon) onto the surface of the sample at cryogenic
temperatures (typically liquid nitrogen or liquid argon temperatures). The BET surface area of samples in
this doctoral thesis was estimated by using the adsorption data (Tristar II 3020M, Mircomeritics, USA, or
BET Nova 1000, Quantachrome Instrument).

3.3 Physical property
3.3.1 Ferroelectricity Measurements
Ferroelectricity is a characteristic of certain materials that have a spontaneous electric polarization that
can be reversed by the application of an external electric field. The polarization–electric field (P−E) loops
that can directly reflect the spontaneous polarization inside were investigated with a Precision LC
ferroelectric analyzer (Radiant Technology Product, USA) on the ceramic counterparts of the samples at
room temperature.
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3.3.2 Magnetic properties
Magnetization curves with two different modes: zero-field cooling (ZFC) and field cooling (FC) curves
are informative for the electronic structure of a material. For ZFC mode, sample must be cooled without
any applied magnetic field to the desired temperature, then data should be collected while heating with
application of some magnetic field. While in the field cooling (FC) measurement, sample is cooled under
certain applied magnetic field to the desired temperature, and collected the data while heating with
application of some magnetic field. In this doctoral work, magnetization-temperature curves were
measured under a 500 Oe magnetic field within the temperature range of 5‒340 K on a Quantum Design
physical properties measurement system (PPMS-9T) (Quantum Design, USA) with the vibrating sample
magnetometer (VSM) option.

3.4 Electrochemical Characterization
3.4.1 Electrode preparation
To prepare the working electrode, 10 mg of electrocatalyst and 0.1 mL of 5 wt% Nafion ® solution were
dispersed in 0.75 mL deionized water and 0.25 mL methanol under ultrasound for 1 hour to form a mixed
ink. 2 mg carbon powder was also added for some electrodes. Then, 3 μL of this solution was drop-casted
onto a glassy carbon electrode 3 mm in diameter (effective area 7.065 mm 2) and dried naturally, yielding
a catalyst loading of 0.38 mg cm-2.
3.4.2 OER test system
Investigation of the electrocatalytic oxygen evolution reaction (OER) was performed on electrochemical
workstations (CHI instruments 660E, or Ivium-n-Stat, Ivium Technologies) in a standard three-electrode
electrochemical cell, with saturated Ag/AgCl, platinum wire, and a glassy carbon electrode coated with
the electrocatalyst as the reference electrode, the counter electrode, and the working electrode. The
potentials vs. Ag/AgCl were converted to reversible hydrogen electrode (RHE) according to the Nernst
Equation 3.1:
0
𝐸RHE = 𝐸Ag/AgCl + 𝐸Ag/AgCl
+ 0.059 ∗ pH

(3.1)

0
Where ERHE is the converted potential vs. RHE, 𝐸Ag/AgCl
= 0.1976 V, and EAg/AgCl is the measured

potential. Afterwards, some potentials were corrected to compensate for the effect of solution resistance,
by subtracting iR (where i is the current, and R is the uncompensated ohmic electrolyte resistance).
3.4.3 OER characterization techniques
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Linear sweeping voltammograms (LSV) is a voltammetric method where the current at a working
electrode is measured while the potential between the working electrode and a reference electrode is
swept linearly in time.
Cyclic Voltammetry (CV) is an electrochemical technique which measures the current that develops in an
electrochemical cell under conditions where voltage is in excess of that predicted by the Nernst equation.
CV is performed by cycling the potential of a working electrode, and measuring the resulting current.
Tafel plot is a graphical plot (usually logarithmic) showing the relationship between the current generated
in an electrochemical cell and the electrode potential of a specific metal. These plots are usually generated
based on electrochemical experiments performed under controlled conditions. In order to measure the
Tafel plot, open potential (Vo) was measured at first. Then Tafel plots were obtained under Tafel mode
and the range was set as Vo~Vo+100 mV with the scan rate 5 mV s-1.
Chronoamperometry is a time-dependent technique where a square-wave potential is applied to the
working electrode. The current of the electrode, measured as a function of time, fluctuates according to
the diffusion of an analyte from the bulk solution toward the sensor surface. Long term
chronoamperometric measurements in this doctoral work were conducted at 1.5 V vs reversible hydrogen
electrode (RHE) with scan rate 10 mV s-1.
Electrochemical impedance spectroscopy (EIS) is an electrochemical technique to measure the impedance
of a system in dependence of the AC potentials frequency, which was conducted with AC voltage with 5
mV amplitude at certain potential within the frequency range from 10 6 Hz to 0.1 Hz.
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Chapter 4
4 Optimized electronic configurations to improve the surface
absorption and bulk conductivity for enhanced oxygen
evolution reaction
4.1 Introduction
Electrocatalytic water splitting holds great promise for the future energy conversion devices, but the
kinetics of the sluggish oxygen evolution reaction (OER, 4OH- = O2 + H2O + 4e-) is the rate-determining
step and deserves to be studied extensively [80,56,81]. Transition metal compounds are the most
promising non-precious-metal OER electrocatalysts, with the characteristics of low cost, relative
abundance, and high electrocatalytic activity [82-85]. Recently, Yang Shao-Horn’s research group
revealed that the OER activity of transition metal perovskite oxides exhibited a volcano-shaped
dependence on the number of eg electrons [60]. This has led to one of the most promising strategies in
material design to improve the OER performance of various perovskite oxides [61,62]. The perovskite
Ba0.5Sr0.5Co0.8Fe0.2O3–δ (BSCF) with the (t2g)5(eg)1.2 electronic configuration of Co cations designed by
following Yang Shao-Horn’s principle has become the state-of-art OER electrocatalyst instead of IrO2
[63]. Still, there are some fundamental issues should be addressed before further improvement in OER
efficiency is possible. In the first place, this principle only emphasizes the effect of average eg electron
number and its relationship to absorption. As is well known, both electrical conductivity and adsorption
capability are the key factors for the OER strongly, which all dependent on the electronic/spin
configuration[86,87]. Therefore, more efforts are required to reveal the electronic/spin configuration
effects on the other key factors, such as conductivity, as well as the absorption. Secondly, due to the fact
that the electronic configuration is decided by the subtle balance between the crystal-field-splitting ()
and the intersite interaction energy (J, Hund’s-rule coupling), a transition metal ion may be in several
types of electron and spin configuration, depending on the crystal-field-splitting [88]. For instance, 3d6
Co ions can be in high spin (t2g)4(eg)2, low spin (t2g)6(eg)0, or intermediate spin states (t2g)5(eg)1. Still and
all, it is a challenge to substantially tune the crystal field in the perovskite to reveal the basic mechanism,
considering its limited operating degrees of freedom.
In recent years, many members of the perovskite derivative family, such as layered perovskite
LaSr3Co1.5Fe1.5O10-δ, PrBaMn2O5+δ and double perovskite NdBaMn2O5.5, have been reported to have
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excellent OER activity [55,89,90]. As derivatives of perovskites, layered perovskite oxides give more
freedom to adjust both the composition and the structure due to the larger tolerance factor [91]. For
example, in the layered Aurivillius-phase perovskite oxides with the formula (Bi2O2)2+(An-1BnO3n+1)2-, A
can be chosen from Na, K, Sr, Ca, Bi, etc., and B can be chosen from Ti, Fe, Ni, Co, Mn, etc., while the
number of the perovskite layers n can range from 1 to 9 [92]. The plasticity of the composition and the
crystal structure provide a powerful platform for both electronic structure and magnetic property
manipulation in this material family. For instance, 6 layered Bi7Fe3Ti3O21 exhibits paramagnetic (PM)like characteristics with a small proportion of weak antiferromagnetic (AFM) property; while an
exchange bias phenomenon and spin glass (SG)-like characteristics can be observed in samples with more
than 7 layers [93]. In the two-layered La2-xSrxCoO4, Co ions may change from d7 to d6 and then to d5,
together with an increased proportion in the intermediate spin (IS) state with increasing x. The lattice
constant a and the Co-O bond length monotonically decrease with increasing x due to the reduction of the
ionic radius resulting from the changes to oxidation states [94]. Here, we can see that a wide range of
composition and structure changes, bringing about electronic structure variation, can be realized in the
layered perovskite, which provides a wonderful platform to reveal the fundamental principles of the OER
for more rational and effective designs.
In the present work, we attempt to study the roles of structure and composition evolution on the OER
efficiency by doping cobalt into Fe sites in the layered perovskite Bi7Fe3Ti3O21. Three samples were
prepared with the Co/(Fe+Co) of 0%, 50%, and 100%. The OER performance was enhanced more than
100 times from 0% to 100% Co, with the current density at 1.8 V vs. reversible hydrogen electrode (RHE)
increased from 0.13 mA/cm2 to 43 mA/cm2 and the Tafel slope reduced from 656 mV/dec to 87 mV/dec.
After careful crystal and electronic structure analysis, we found that Co ions are in the intermediate spin
(IS) state due to the appropriate crystal field splitting. This kind of electronic configuration facilitates fast
electron transfer in bulk and moderate bonding with surface reactants, resulting in enhanced conductivity,
appropriate adsorption capability, and thus, the tremendously improved OER efficiency.

4.2 Experimental
In a typical synthesis, 1.2 g Ti(OC4H9)4 (> 99.7%) was first dissolved into a 4 M HNO 3 solution (7.5 mL),
and then Bi(NO3)3·5H2O (> 99%), Fe(NO3)3·9H2O (> 98.5%) and Co(NO3)2·6H2O (> 99%) were added
respectively in the stoichiometric ratio according to the formula Bi7Fe3-xCoxTi3O21 (x = 0, 1.5, and 3, with
the samples denoted as BFTO, BFCTO, and BCTO respectively). After 20 minutes of magnetic stirring,
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the homogeneous metal-ion solution was added into a 1.66 M NaOH solution (70 mL). Afterwards, the
resulting slurry was transferred into a Teflon-lined stain-less steel autoclave (total capacity of 100 mL).
The autoclave was sealed and heated at 200 °C for 2 days, before being naturally cooled down to room
temperature (RT). The sediments were washed with water and ethanol several times and then dried at
60 °C for 8 hours.
The purity and crystallinity of the as-prepared samples were characterized by X-Ray powder diffraction
(XRD) with the XRD patterns recorded on a Rigaku-TTR III X-ray diffractometer with Cu-Kα radiation.
X-ray photoelectron spectroscopy (XPS) analysis was performed using an ESCALAB 250 system
(Thermo Scientific). Magnetic properties were characterized by the vibrating sample magnetometer
(VSM) option of a Quantum Design physical property measurement system (PPMS) (Quantum Design,
USA). The soft X-ray absorption spectra (XAS) were collected at the BL12B-a facility of the National
Synchrotron Radiation Laboratory (NSRL, Hefei, P. R. China) using the synchrotron radiation from the
storage ring running at 800 MeV with an average current of 300 mA. The Brunauer-Emmett-Teller (BET)
surface area was estimated by using the adsorption data (Tristar II 3020M, Mircomeritics, USA).
Electrochemical measurements were performed on an electrochemical workstation (CHI instruments
660E, China) in a standard three-electrode electrochemical cell, with saturated Ag/AgCl, platinum wires
and a glassy carbon electrode coated with electrocatalyst as the reference electrode, counter electrode, and
working electrode. To prepare the working electrode, 10 mg of electrocatalyst and 0.1 mL of 5 wt %
Nafion® solution were dispersed in 0.75 mL deionized water and 0.25 mL methanol, and then
ultrasonicated for 1 hour to form a mixed ink. 3 μL of this solution was drop-casted onto a glassy carbon
electrode 3 mm in diameter (effective area 7.065 mm 2) and dried naturally, yielding a catalyst loading of
0.38 mg/cm2. Linear sweep voltammograms (LSV) were obtained at a scan rate of 5 mV/s.
Electrochemical impedance spectra (EIS) were collected with AC voltage 5 mV in amplitude at the
potential of 1.686 V vs. RHE within the frequency range from 106 Hz to 0.1 Hz. The potentials vs.
Ag/AgCl were converted to RHE according to the Nernst equation:
0
𝐸RHE = 𝐸Ag/AgCl + 𝐸Ag/AgCl
+ 0.059 ∗ pH

(4.1)

0
Where ERHE is the converted potential vs. RHE, 𝐸Ag/AgCl
= 0.1976 V, and EAg/AgCl is the measured

potential against RHE and the Ag/AgCl reference.

4.3 Crystal structure
XRD patterns from the as-prepared samples are displayed in Figure 4.1, all of which can be indexed to
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the Aurivillius layered perovskite structure. The crystal structure parameters as refined by the Pawley
method are listed in Table 4.1. BFTO can be indexed with a six-layer Aurivillius structure with a = 5.475,
b = 5.454, and c =58.046 Å. BFCTO can be indexed with a four-layer Aurivillius structure with a = 5.424,
b = 5.437, and c = 40.993 Å, while BCTO has a four-layer Aurivillius structure with a = 5.429, b = 5.444,
and c = 41.042 Å. Accordingly, BFTO has the nominal composition of Bi 7Fe3Ti3O21, BFCTO has the
nominal composition of Bi5Fe0.5Co0.5TiO15, and BCTO has the nominal composition of Bi5CoTi3O15.

Figure 4.1 XRD patterns of the as-prepared samples. (a) BFTO; (b) BFCTO; (c) BCTO.

The bond lengths of Fe-O, and Co-O in the octahedra (L) of all the samples is also listed in Table 4.1,
where L1, L2 refer to the axial lengths and L3-L6 are the apical lengths. In all the samples, octahedra
from the perovskite-like layers are elongated along the axial direction, i.e., the c axis, when compared
with ideal perovskite octahedron. It seems that the distortion of oxygen octahedra is greater, however,
regarding to great disparity of the L values in the BFTO, compared to the BFCTO and BCTO. This is not
caused by the ionic radius difference between Fe and Co, since the distribution of L value in the BFCTO
and BCTO is similar with the same layer. Therefore, it might be due to the fact that BFTO has more
layers of perovskite and a larger unit cell, which is less thermodynamically stable, and the oxygen
octahedra may be self-regulated more drastically for the sake of lower energy.

Table 4.1 Crystal structure parameters in Å refined from the measured XRD patterns.
Sample
a
b
c
L1
L2
L3
L4

BFTO
5.4750
5.4540
58.0460
1.9240
1.8940
1.5800
1.5800
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BFCTO
5.4240
5.4370
40.9930
2.0260
2.0100
1.9340
1.9340

BCTO
5.4290
5.4440
41.0420
2.0260
2.0090
1.9340
1.9340
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L5
L6

2.3380
2.3380

1.9340
1.9340

1.9340
1.9340

4.4 Electronic structure
Ti L-edge XAS spectra of all as-prepared samples are shown in Figure 4.2a. Each consists of two sets of
branches: one set is the lower energy L3 and the other set is the higher energy L2 due to the spin-orbit
splitting of the 2p core states. Then, both of them are further split into t2g and eg states by the octahedral
ligand field. Two peaks situated at around 458 eV and 460 eV represent absorption of electron transitions
from the Ti L3 2p core levels to the split lower energy t2g and higher energy eg orbitals, respectively. The
other two peaks at 464 eV and 466 eV are from Ti L2 2p to t2g and eg levels, respectively. By comparing
with SrTiO3 (Ti4+) and LaTiO3 (Ti3+), the oxidation states of Ti are confirmed to be 4+ with the 3d0
configuration in all samples. Fe L2,3 spectra of BFTO and BFCTO are displayed in Figure 4.2b, and the
peaks around 709.5 eV (L3) and 722.1 eV (L2) are due to the spin-orbit splitting of Fe 2p core levels. The
spectra of α-Fe2O3 and FeO were also collected for comparison, and from the peak positions, it was
confirmed that the oxidation states of Fe ions in BFTO and BFCTO are mainly 3+. Co L2,3 edge spectra
are almost the same as each other for BFCTO and BCTO, as shown in the Figure 4.2c. The two
absorption peaks located at 778.7 eV (L3) and 793.5 eV (L2) are due to the spin-orbit splitting of +3 Co 2p
states, as shown by comparing them with the references CoO (Co 2+) and LaCoO3 (Co3+) L2,3-edge. By the
way, even though the measured Fe and Co L-edge spectra do not perfectly coincide with the standard
substances due to the different spin states [95], the three transition metals Ti, Fe, and Co can still be
confirmed to be mainly in the 4+, 3+, and 3+ states, respectively, according to their consistent peak
positions.
The bismuth core level splits into 4f5/2 and 4f7/2 spin-orbit components, as shown in Figure 4.2e. There is
no obvious disparity in the energy difference between the two peaks of the three samples, indicating that
the bismuth valence state stays unchanged at 3+ unchanged [96]. The O 1s spectra (Figure 4.2f) of the
three samples have two peaks with binding energy (BE) at about 529.6 eV and 531.4 eV; the main peak
located at 529.6 eV is assigned to the lattice oxygen (Po), and the later shoulder peak is assigned to the
less electron-rich oxygen species [97], such as surface adsorbed oxygen (Ps). We define the area ratio of
Ps/Po as Rso, and it can be clearly seen that Rso increases from 9% in BFTO to 15% in BFCTO and reaches
27% in the BCTO sample. This result indicates that the capacity for absorbing oxygen intermediates is
enhanced with increasing Co, which is likely to be rooted in the intrinsic electronic structure of Co.
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Figure 4.2 XAS spectra for the as-prepared samples. (a) Normalized Ti L-edge XAS spectra; (b)
normalized Fe L-edge XAS spectra; (c) normalized Co L-edge XAS spectra. XPS core level spectra: (d)
Bi 4f; (e) O 1s.

Therefore, magnetic properties, which are strongly related to the electronic configuration and exchange
interaction, were measured in order to reveal the truth. Figure 4.3a-c shows the magnetization – magnetic
field (M-H) hysteresis loops at room temperature (RT) of BFTO, BFCTO, and BCTO samples,
respectively. Obviously, BFTO and BCTO have an almost linear feature, while BFCTO exhibits a welldefined hysteresis loop. This suggests that the ground magnetic state of BFCTO is ferromagnetic or
ferrimagnetic at RT, while BFTO and BCTO are paramagnetic. Still, small loop-like features can also be
observed in both BFTO and BCTO. The zero-field cooling (ZFC) and field cooling (FC) curves under
500 Oe magnetic field are further provided in Figure 4.3d, from which we can see that the FC-ZFC
curves of BFTO obviously start to diverge above room temperature. This suggests the coexistence of
weak ferromagnetism with the paramagnetic state in this material [98], while for the BCTO sample
(Figure 4.3f), the FC-ZFC curves distinctly diverge around 50 K with two peaks at a lower temperature,
indicating the existence of the spin glass state and a weak ferromagnetic interaction. On the contrary,
BFCTO exhibits a typical “λ” ferromagnetic feature as displayed in the Figure 4.3e.
The evolution of inverse magnetic susceptibility dependence on temperature was obtained based on the
FC curves of BFTO and BCTO (insets of Figure 4.3d and 4.3f). The reciprocal slope is the Curie-Weiss
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constant C, and both samples have a positive linear correlation, suggesting Curie-Weiss paramagnetism
[99]. According to the following equations, the effective magnetic moment, µeff and the average eg
electron number can be estimated based on the quenching of orbital angular momentum (L = 0) for 3d
transition metals and a measured g factor.
1
𝜒

1

𝑇𝐶

𝐶

𝐶

= 𝑇+

(4.2)

Where χ, C, T, and TC represent the magnetic susceptibility, Curie-Weiss constant (C > 0), temperature,
and Curie point, respectively.
3𝑘𝐶

𝜇𝑒𝑓𝑓 = √

(4.3)

𝑁

Where µeff is the effective magnetic moment, k is the Boltzmann constant, C is the Curie-Weiss constant,
and N is the number of magnetic ions in the unit cell (N = 1, because there is only one Co atom per unit
cell in BCTO or BCO).
𝜇𝑒𝑓𝑓 = 𝑔√𝐽(𝐽 + 1)𝜇𝐵

(4.4)

Where g is the Lande factor, J is total quantum number, and 𝜇𝐵 is the Bohr magneton. (g can be
approximated by 4.2 in Bi6Fe2Ti3O18 [100].)
On average, Fe ions are calculated to be in the high spin (HS) state (t2g)3(eg)2, while Co ions are in the
intermediate spin (IS) state (t2g)5(eg)1. The ferromagnetism of BFCTO is the result of possible coupling of
Fe-O-Co octahedral clusters when the concentrations of iron and cobalt ions are approximately equal
[101]. The appearance of weak ferromagnetism in the paramagnetic ground state may have arisen from
the nanosized morphology (10 nm thick nanoplates) which induces a certain amount of spin-canting on
the surface [98].

35

Chapter 4: Optimized electronic configuration to improve the surface absorption and bulk conductivity
for enhanced oxygen evolution reaction

Figure 4.3 Magnetic characterization. M-H hysteresis loops of (a) BFTO; (b) BFCTO; (c) BCTO. FCZFC curves (500 Oe) of (d) BFTO; (e) BFCTO; (and f) BCTO respectively; insets are the inverse
magnetic susceptibility versus temperature.

4.5 OER performances
OER efficiency is improved dramatically in the presence of cobalt, which can be observed in the linearscan voltammetry (LSV) curves in Figure 4.4a. The current density at 1.8 V vs. RHE was extracted from
the LSV curves to compare the OER activity. It increases from 0.13 mA/cm 2 to 5.16 mA/cm2, and then to
43 mA/cm2 on the BFTO, BFCTO, and BCTO samples, respectively. This improvement is confirmed by
the Tafel plots in Figure 4.4b, the slope of which is reduced from 656 mV/dec for BFTO to 87 mV/dec
for BCTO. Nyquist plots from the electrochemical impedance spectroscopy (EIS) experiments are
provided in Figure 4.4c. An equivalent circuit composed of Rs, Rp, and CPE is proposed to resolve these
spectra (the inset), where Rs represents the solution resistance, Rp represents the polarization resistance of
the samples, and CPE is the constant phase element. The Rp value reflects the resistance of the
electrocatalyst when performing as the electrode under a certain applied voltage. It decreased from 2014
Ω to 43 Ω with increasing cobalt content, indicating that the presence of Co could greatly improve the
conductivity of the material.
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Figure 4.4 OER performance of samples. (a) LSV polarization curves; (b) Tafel plots; (c) Nyquist plots;
(d) Cdl, reciprocal of the Tafel slope, reciprocal of Rp, and current density (j) at 1.8 V vs. RHE for the
three samples.

The electrochemically active surface area (ECSA) reflect more intrinsic property of the electrocatalysts
and it is proportional to the double layer capacitance Cdl (ECSA=Cdl/Cs, Cs usually treated as a constant).
From the parameters resolved from Nyquist plots (Table 4.2), Cdl can be calculated according to the
following equation:
𝐶dl = (

T

RsP−1

1

)P /𝑆

(4.5)

It is 174 μF/cm2, 554 μF/cm2 and 4193 μF/cm2 for BFTO, BFCTO, and BCTO respectively, justifying the
strong ability to hold electrons of BCTO. The Cdl, reciprocal of the Tafel slope, reciprocal of Rp, and
current density at 1.8 V vs. RHE for the three samples are plotted in Figure 4.4d to show the visible
upward tendency of OER descriptors with increasing cobalt. To confirm the tendency when considering
the effects of the number of active sites, BET surface area and adsorption/desorption curves are measured
and presented in Figure 4.5a-4.5c. As we can see, these three samples have the similar BET surface area,
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and their normalized LSV curves by BET surface area are also consistent with above results and
conclusions (Figure 4.5d).

Figure 4.5 N2 adsorption and desorption isotherms plots of (a) BFTO; (b) BFCTO; (c) BCTO and LSV
polarization curves normalized by corresponding measured BET surface area.

In addition, as Aurivillius phase have attracted tremendous attention as the famous ferroelectrics [99,102],
we measured the P-E hysteresis loop of BCTO at room temperature in Figure 4.6a. It clearly illustrates
that there exists intrinsic ferroelectric polarization in BCTO, which make it possible to be poled via the
corona poling method. As shown in Figure 4.6b, the OER activity of poled BCTO sample is far beyond
the commercial state-of-art IrO2. The overpotential at the current density j=10 mA/cm 2 (j=10) we
measured for poled BCTO is 350 mV, which is much smaller than SrNb 0.1Co0.7Fe0.2O3-δ (SNCF, 500 mV),
Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF, 530 mV) and SrCo0.8Fe0.2O3-δ (SCF, 510 mV) [63]. It’s probably due to the
further improved electron separation and transfer during the OER process and further work to reveal the
improvement mechanism is undergoing.
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Figure 4.6 (a) P-E hysteresis loop of BCTO, (b) LSV curves for comparison with IrO2 and the potential
further improvement by corona poling of the ferroelectric BCTO sample (The overpotential at the current
density j=10 mA/cm2 (j=10) for poled BCTO is 350 mV).

Table 4.2 Parameters resolved from Nyquist plots.
Sample
BFTO
BFCTO
BCTO

Rp(Ω)
2014
153.1
43.10

Rs(Ω)
69.95
47.81
51.86

T(CPE)
1.91E-5
1.00E-4
6.03E-4

P(CPE)
0.9397
0.8483
0.8298

S(cm2)
0.07065

4.6 Discussion
From the analysis of XRD pattern we notice that doping cobalt decreases layer number of the perovskite
in the crystal structure from six (BFTO) to four (BFCTO and BCTO). This speculation is based on the
layered characteristic along the c axis of Aurivillius phase, with the lattice parameter c valued near 3.28
nm for 3-layered one, 4.12 nm for 4-layered one, and 5.76 nm for 6-layered one. The layer number of
Aurivillius phase is decided by the stochiometric ratio of starting materials as well as the thermodynamics
during synthesis, in general. Obviously, doping cobalt brings about changes in two aspects: crystal
structure and composition. So four-layer Aurivillius structure Bi5FeTi3O15 (denoted as BFTO-ref) with
identical crystal structure to the BFCTO and BCTO may be a better reference[103]. Bi5FeTi3O15 was
synthesized with the same method (denoted as BFTO-ref) and its XRD pattern and refined parameters are
displayed in Figure 4.7a. From the refined crystal structure results we know that, the length of transition
metal-oxygen L is with almost the same in BFTO-ref, BFCTO and BCTO, which may be mainly decided
by the layer number of the perovskite. Distorted oxygen octahedrons are drawn in Figure 4.7b according
to the refined parameters for the BFTO, BFCTO, BCTO, and BFTO-ref samples. The oxygen octahedron
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is more distorted in the six-layered BFTO than the other three four-layered samples.
Figure 4.7c demonstrate the comparison of OER performance between BFTO-ref and BFTO, from which
it can be observed that electrocatalytic activity of four-layered BFTO-ref and six-layered BFTO are not
much different, and BFTO-ref even worse than the BFTO. It suggests that the dramatically enhanced
OER performance of BFCTO and BCTO is not from the layer number decrease. The slightly different
performance between six-layer BFTO and four-layer BFTO-ref may originate from the advantageous
electronic configuration of BFTO with higher degree of oxygen distortion. For example, three t2g orbitals
and two eg orbitals could be further split, and the short bonding length means more overlap with oxygen
2p orbital. Nevertheless, the disadvantage in the crystal structure do have effect on the OER performance
but it’s overwhelmed by the different element composition.

Figure 4.7 (a) XRD patterns of BFTO-ref samples. (Parameters: 4-layered perovskite, a=5.4456 Å,
b=5.4474 Å, c=41.159 Å, L1=2.009 Å, L2=2.025 Å, L3=1.928 Å, L4=1.928 Å, L5=1.928 Å, L6=1.928
Å); (b) Distorted oxygen octahedrons drawn according to the refined parameters for as-prepared samples;
(c-d) LSV polarization curves and Tafel plots of BFTO and BFTO-ref.

We can propose a scenario where an electron is transferred from adsorbates to electrocatalyst surface
(step 1), and then transferred to adjacent ions in bulk and finally to the anode (step 2), accompanied by
the oxygen molecular desorption (step 3). In the octahedral environment, the eg orbitals (𝑑𝑧 2 , 𝑑𝑥 2−𝑦2 )
have strong spatial overlap with those of adjacent O 2p orbitals, forming -bonding and *-antibonding
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states with partial metal and oxygen character while t 2g have weaker spatial overlap with nearby O 2p
orbitals and form π bonds and π* anti-bonds. It is assumed that the -interaction dominates over the
weaker π-interaction. The high energy orbital parentage is considered to more easily react with oxygenrelated adsorbates due to their matched energies compared to other orbitals. Therefore, higher unoccupied
eg orbitals parentage facilitates the rate of the step 1. For step 3, it’s just opposite to the step 1, so the
optimized eg electron occupation is around unit, just as in Yang Shao-Horn’s volcano-shaped dependence
on the eg electron number [60]. For step 2, the coherent relocation from one orbital to the neighbor is
possible only if there is not already an electron of the same spin occupying that orbital. So, it is easier for
the electrons near Fermi level to transfer from one ion to the adjacent ion with the energy-matched empty
orbital. In this situation, the additional pairing energy is avoided. However, once the incoming electron
has enough energy to be paired with the opposite spin electron, it will be difficult to keep transferring
afterwards.
At first, the chemisorption bonding of surface ions with Co (3+, IS, (t2g)5(eg)1) has an appropriate strength
for a compromise between the absorption of reactants (step 1) and the desorption of products (step 3)
(Figure 4.8a). Secondly, it only requires low energy to provide an instantaneous change of state from
(t2g)5(eg)1 to (t2g)5(eg)2 (step 2), as electron will located in the empty 𝑑𝑥 2−𝑦2 orbital which needs no
consumption of pairing energy (P). There is a possibility that the electron is paired and stabilized in 𝑑𝑥𝑦 ,
when the crystal field splitting energy () is larger than the pairing energy (P) [104]. However, the
existence of the ground state of IS Co 3+ justifies that this situation may not be happen, or HS Co 3+ will
appear instead. Fe (3+, HS) with (t2g)3(eg)2, however, without any empty orbital but consuming additional
pairing energy (P) , may be not as generous as IS Co in terms of sharing the orbital with adsorbates (step
1) as well as harboring electrons during the electron transfer in bulk (step 2) (Figure 4.8b). As Co3+ ion is
usually in low spin (LS) or high spin (HS) state in some oxides such as LaCoO 3, and IS state occurs when
there is favorable crystal structure and composition [105]. So, HS and LS Co3+are also offered for to
understand the superiority of IS Co3+ (Figure 4.8c and 4.8d). In Co (3+, LS, (t2g)6(eg)0) case, it’s easier to
adsorb species due to strong chemisorption bonding but it’s harder to desorb afterwards (step 3 is ratelimiting), although it may give rise to high electronic conduction. For the situation of Co (3+, HS,
(t2g)4(eg)2), it is with the same situation as in the Fe (3+, HS, (t2g)3(eg)2). Unfortunately, we found it very
intractable to conduct computation such as through ab initio density functional theory (DFT) or other
material computation methods to provide more solid evidence, mainly due to the too large unit cell of
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layered perovskite.

Figure 4.8 Possible mechanism for the better OER performance of IS state cobalt.

4.7 Conclusions
Three layered perovskite oxides with different compositions and structures, all Fe based, half-half Fe-Co
based, and all Co based, were successfully prepared as an excellent platform to investigate the role of
electronic structure in the OER efficiency. Refinements of measured XRD patterns suggested that doping
Co ions cause the decrease of the perovskite layer number, but it has negligible effects on the OER
activity. The elongation along the c-axis stabilized with Co ions in the intermediate spin (IS) state, which
is further confirmed by the XAS spectra and magnetic measurements. All the elements are in the
consistent oxidation state according to the XAS and XPS spectra, but there are more surface absorbed
oxygen species with increasing Co. The electronic configurations of iron and cobalt ions are calculated to
be (t2g)3(eg)2 and (t2g)5(eg)1, respectively, based on the FC curves and Curie-Weiss law. The OER
performance of the all Co based oxide is 100 times higher than for the all Fe based one, with the
following respective comparisons: (1) current density of 43 mA/cm 2 compared to 0.13 mA/cm2 (1.8 V vs.
RHE); (2) Tafel slope of 87 mV/dec compared to 656 mV/dec; (3) polarization resistance of 43 Ω
compared to 2014 Ω; (4) double layer capacitance of 4193 μC/cm 2 compared to 174 μC/cm2. For these
incredible improvements, we also provide a possible mechanism. This work offers a new idea for
developing novel high-efficiency OER electrocatalysts for future energy conversion devices.
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Chapter 5
5 Enhancing oxygen evolution efficiency of multiferroic oxides
by spintronic and ferroelectric polarization regulation
5.1 Introduction
The oxygen evolution reaction (OER) process not only involves four sequential proton coupled electron
transfers, but also includes a transition of the spin states of the reactants from the singlet OH -/H2O to the
triplet O2 [25,71]. Such a spin transition needs to be promoted by an additional stimulus, such as enough
voltage and spin orbital coupling, in order to proceed. So, it has been the rate-determining step that
hinders applications in various energy conversion and storage devices [56]. Due to the scarcity and high
cost of commercial OER catalysts such as Pt and magnetic RuO2/IrO2, a great deal of effort has been
expended on possible alternatives [2]. Transition metal based perovskite is one of the most excellent
candidates, owing to its low cost, relatively good stability, and high electrocatalytic activity [83]. In 2011,
Yang Shao-Horn et al pointed out that the intrinsic OER activity of perovskite oxides exhibited a
volcano-shaped dependence on the number of eg electrons of surface transition metal cations [60].
Following this rule, the fastest OER is observed on Ba 0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF), in which the magnetic
ions are in the intermediate spin state, that is, the number of eg electrons is around 1.2. Since then, this
principle has become an effective guideline to improve the efficiency of perovskite oxide OER catalysts
[83]. For example, by reducing the nanoparticle size of LaCoO 3 to 80 nm, Zeng’s group successfully
increased eg filling of cobalt ions from unity to 1.2 and reduced the overpotential (330 mV) and Tafel
slope (69 mV dec-1) [62]. Wu’s groups adjusted the eg electron number of LaCoO3 films to 1.2 by
different degrees of octahedral distortion, resulting in an overpotential of 470 mV [61]. Yang ShaoHorn’s group also acquired insight into several 6-fold coordination motifs of transition metal oxides, such
as face-sharing, corner sharing, and distorted prism. Whether this rule is applicable in the composites
remains unclear, however, considering composites with the combination of two or more different
coordination may provide flexible tuning of average eg electron numbers in contrast to the rigid single
phase only.
Therefore, new strategies should also be explored to further improve the efficiency to meet the
requirements of practical applications. Ultrathin two-dimensional (2D) morphology engineering for
maximum surface area is one of the most effective approaches that have been recently developed [106].

43

Chapter 5: Enhancing oxygen evolution efficiency of multiferroic oxides by spintronic and ferroelectric
polarization regulation

For example, an atomically thin cobalt oxyhydroxide nanosheet had performance 20 times higher than
that of its bulk counterpart and 2.4 times higher than that of the benchmark IrO2 electrocatalyst for water
oxidation [107]. Even so, it must be pointed out that atomic two-dimensional morphology usually
requires subtle and intricate multi-step soft chemistry routes with low production. Excitingly, it has been
discovered that the internal polarization of ferroelectrics can help to promote the separation and transport
of carriers [108-113]. Meanwhile, ferroelectrics also produce an external screening effect, adsorbing
charged ions and molecules from outside to neutralize their polarization inside [114-118], which may
provide a valuable way to enhance the adsorption capacity that is not yet fully utilized in OER process.
Inspired by the above-mentioned spin state effects and ferroelectric polarization function, we considered
the multiferroic layered perovskite oxides as an excellent material matrix to demonstrate possible new
strategies to further improve the OER efficiency [119,120]. As perovskite derivatives, layered perovskites
preserve multiple perovskite physical parameters such as couplings between charge, spin, orbitals, and the
lattice, and have attracted tremendous attentions for multiferroic and energy conversion devices [99,102].
More importantly, layered perovskite oxides have higher degrees of freedom in their structure and are
amenable to properties modulation by component substitution or layer number regulation.
Herein, we propose a method to improve the OER activity: in-situ grown a secondary phase on a
ferroelectric matrix to tune eg electron number and corona poling ferroelectric polarization afterwards. It
is started with the deliberately insertion of several layers of BiCoO 3 (BCO) into the 3-layered perovskite
Bi4Ti3O12 (BTO). According to our previous works, the structure of 3-layered perovskite Bi4Ti3O12 (BTO)
can be maintained when inserting 3 layers of BiFeO3, but only one layer of BiCoO3 is achievable due to
the structural tolerance for smaller Co cations. Thus, from considerations of structural tolerance and
thermodynamic stability, only one layer of BCO can be inserted to form a 4-layered perovskite oxide
Bi5CoTi3O15 (BCTO), while the residual BCO would be deposited in situ on its surface as the secondary
phase. This configuration provides an excellent research platform to reveal the roles of the electronic
regulation, as well as ferroelectric polarization on the OER performance. In order to manifest the
reinforcement on the OER activity of the ferroelectric polarization, corona poling was applied afterwards
which turned out to be very effective, resulting in a superior OER performance with 320 mV
overpotential at the current density of 10 mA cm -2 and 34 mV dec-1 Tafel slope. The electronic structure
and the contribution of the ferroelectric polarization were studied in detail by various tests and
measurements, and a possible enhanced mechanism is proposed.
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5.2 Experimental Methods
5.2.1 Synthesis
In a typical synthesis, 1.2 g Ti(OC4H9)4 (> 99.7%) was first dissolved into 4 M HNO 3 solution (7.5 mL),
and then Bi(NO3)3·5H2O (> 99%), and Co(NO3)2·6H2O (> 99%) were added with the stoichiometric ratio
according to Bi4Ti3O12·n(BiCoO3) (n = 1, 2, 3, 4), with the products denoted as Co1, Co2, Co3, and Co4,
respectively). After 20 min of magnetic stirring, the homogeneous metal-ion solution was added into a
1.66 M NaOH solution (70 mL). Afterwards, the resulting slurry was transferred into a Teflon-lined
stainless autoclave (total capacity of 100 mL). The autoclave was sealed and heated at 200 °C for 2 days,
then cooled down to room temperature (RT) naturally. The sediments were washed with water and
ethanol several times and then dried at 60 °C for 8 hours.
5.2.2 Materials characterization
The purity and crystallinity of the as-prepared samples were characterized by X-Ray powder diffraction
(XRD) with the patterns recorded on a Rigaku-TTR III X-ray diffractometer with Cu-Kα radiation. The
morphologies of the powders were observed by scanning electron microscopy (SEM, JSM-6700F) and
transmission electron microscopy (TEM, JEM-2010). Element distributions was identified by an
aberration corrected scanning transmission electron microscope (STEM) (JEM-ARM200F, JEOL)
equipped with X-ray energy dispersive spectroscopy (EDS) (X-max80, Oxford Instruments). The
Brunauer-Emmett-Teller (BET) surface area was estimated by using the adsorption data (Tristar II 3020M,
Mircomeritics, USA). Magnetic properties were characterized with the vibrating sample magnetometer
(VSM) option of a Quantum Design physical property measurement system (PPMS) (Quantum Design,
USA). X-ray photoelectron spectroscopy (XPS) analysis was performed using an ESCALAB 250 system
(Thermo Scientific). The soft X-ray absorption spectra (XAS) were collected at the BL12B-a facility of
the National Synchrotron Radiation Laboratory (NSRL, Hefei, P. R. China) using the synchrotron
radiation from a storage ring running at 800 MeV with an average current of 300 mA. The polarization–
electric field (P−E) loops were investigated with a Precision LC ferroelectric analyzer (Radiant
Technology Product, USA) on the ceramic counterparts of the samples at room temperature. The
corona poling method was applied on the Co2 sample. The voltage of the steel point electrode was 22 kV,
and the 0.01 g Co2 powder was uniformly coated on a negative disk-like copper electrode with area of
about 12 cm2. The distance between too electrodes is 2 cm. Since the poled area at any one time was
about 2 cm2, the poling experiment is conducted 6 times on different parts of the disk-like copper
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electrode coated with the Co2 sample, and the duration was 2 min.
5.2.3 Electrochemical testing
Investigation of the electrocatalytic oxygen evolution reaction (OER) was performed on an
electrochemical workstation (CHI instruments 660E, China) in a standard three-electrode electrochemical
cell, with saturated Ag/AgCl, platinum wire, and a glassy carbon electrode coated with the electrocatalyst
as the reference electrode, the counter electrode, and the working electrode. To prepare the working
electrode, 10 mg of electrocatalyst and 0.1 mL of 5 wt% Nafion ® solution were dispersed in 0.75 mL
deionized water and 0.25 mL methanol under ultrasound for 1 hour to form a mixed ink. 3 μL of this
solution was drop-casted onto a glassy carbon electrode 3 mm in diameter (effective area 7.065 mm 2) and
dried naturally, yielding a catalyst loading of 0.38 mg cm -2. Linear sweeping voltammograms (LSV), CV
curves and Tafel curves were obtained at a scan rate of 5 mV s -1. Long term chronoamperometric
measurements were conducted at 1.5 V vs reversible hydrogen electrode (RHE) with scan rate 10mV s -1.
In order to measure the Tafel plot, open potential (Vo) was measured at first. Then Tafel plots were
obtained under Tafel mode and the range was set as Vo~Vo+100 mV with the scan rate 5 mV s-1.
Electrochemical impedance spectroscopy (EIS) was conducted with AC voltage with 5 mV amplitude at
the potential of 1.686 V vs RHE within the frequency range from 10 6 Hz to 0.1 Hz. The potentials vs.
Ag/AgCl were converted to RHE according to the Nernst Equation 5.1:
0
𝐸RHE = 𝐸Ag/AgCl + 𝐸Ag/AgCl
+ 0.059 ∗ pH

(5.1)

0
Where ERHE is the converted potential vs. RHE, 𝐸Ag/AgCl
= 0.1976 V, and EAg/AgCl is the measured

potential. Afterwards, the potentials are corrected to compensate for the effect of solution resistance, by
subtracting iR (where i is the current, and R is the uncompensated ohmic electrolyte resistance).

5.3 Structure and morphology
Four samples were prepared by in-situ hydrothermal method according to the designed composition
Bi4Ti3O12·n(BiCoO3) (n = 1, 2, 3, 4), and denoted as Co1, Co2, Co3, and Co4, respectively. The
morphologies are shown in Figure 5.1. It can be clearly observed from the SEM images that as-prepared
samples are mainly composed of 10 nm thick nanoplates (with the average width varying from 1-2 μm),
yet with tiny nanoparticles on the surface. And the quantity of nanoparticles on the surface increases from
Co1 to Co4.
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Figure 5.1 SEM images of as-prepared samples (a) Co1; (b) Co2; (c) Co3 and (d) Co4.

XRD patterns were collected to identify their compositions and are displayed in Figure 5.2. The
refinements of the Co1 and Co2 samples were analyzed by the Pawley method based on the 4-layer
perovskite BCTO crystal structure (Tetragonal, space group F2mm (42), JCPDS 38-1257). The resultant
profile R-factor (Rp) values are far smaller than 10%, indicating that Co1 and Co2 samples are primarily
Bi5CoTi3O15 (BCTO). As shown in Figure 5.3c, this crystal structure is an alternation of four layers of
perovskite-like oxide with one layer of fluorite-like bismuth oxide. In octahedral coordination with O, Co
and Ti cations can occupy the A sites randomly in the perovskite-like sublattice.
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Figure 5.2 XRD patterns and refinements for as-prepared samples (a) Co1; (b) Co2; (c) Co3; and (d) Co4.

Figure 5.3 Crystal structures of BiCoO3, Bi24.96CoO40, and Bi5CoTi3O15. Red spheres present O, green
spheres present Bi, and blue spheres present 3d transition metal Co (or Co/Ti in Aurivillius structure).
According to our previous work, collapse of perovskite-like sublattice will inevitably occur when too
many perovskite-like cobalt oxide layers are inserted, resulting in a decreased number of layers and the
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appearance of a secondary phase. Although the amount of the secondary phase in the Co1 and Co2
samples is too negligible to quantify by XRD refinement, we can discriminate the secondary phase by the
appearance of a peak at 27.8°. This peak can be indexed to BiCoO3 or some other isostructures such as
Co-deficient Bi24.96CoO40 (in all BiCoO3 isostructures, Co and Bi ions are tetrahedrally coordinated, and if
there are more Bi ions, they will occupy the Co sites, or vice versa, as shown in the Figure 5.3a, 5.3b).
So, the refinements of the Co3 and Co4 samples are analyzed by the Pawley method based on two phases:
BCTO and the BiCoO3 isostructure (BCO). From the refinement results, there are 2% BCO in the Co3
and 5% BCO in the Co4 sample. All lattice constants are listed in Table 5.1. Thus, we can draw the
conclusion that when one or two BiCoO3 layers are inserted into 3-layered perovskite Bi4Ti3O12, the
structure will turn out to be 4-layered perovskite Bi5Ti3CoO15 (denoted as BCTO); but when three or four
layers are inserted, 2% or 5% secondary phase BCO will appear.

Table 5.1 Cell constants of the main phase BCTO refined by Pawley method.

Sample a (Å)

b (Å)

c(Å)

Co1

5.3830

5.3510

41.1100

Co2

5.4300

5.4120

41.5500

Co3

5.4310

5.4360

41.5600

Co4

5.4110

5.4260

41.2500

The typical TEM image in Figure 5.4a collected from the Co2 sample shows the morphology. Figure
5.4b is a high resolution TEM (HRTEM) image of a BCTO nanoplate recorded with the electron beam
along the [001] zone axis. The spacings of the observed lattice are about 0.378 nm and 0.380 nm, which
are consistent with the (110) crystalline planes of the orthorhombic 4-layer perovskite phase. The
corresponding selected area electron diffraction (SAED) pattern in the inset of Figure 5.4b shows sharp
diffraction spots, indicating that the BCTO nanoplates are single crystals with good crystallinity. Figure
5.4c

contains

a

high-angle

annular

dark-field

scanning

transmission

electron

microscope

(HAADF−STEM) image with EDS mapping applied to investigate the distribution of elements for the
main phase and the secondary phase. Apparently, Bi, Ti, Co, and O are distributed homogenously
throughout the BCTO nanoplates, but there are more Bi, Co, and O signal dots in the nanoparticles than in
the nanoplates. The stronger signals from nanoparticles may associate with the fact that the secondary
phase nanoparticles are Bi-Co enriched BCO, and the larger roughness of the tiny nanoparticles than
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those in the nanoplates triggers an interfere of signals.

Figure 5.4 Morphology of Co2 sample (a) TEM image to show the typical morphology; (b) HRTEM
image of the nanoplate in Figure 5.4a with the inset the corresponding SAED pattern; (c) STEM image
and corresponding EDS element mapping images.

Above results mean that we have successfully prepared four samples composited by the in-situ grown
secondary phase BCO nanoparticles and the 4-layer structured BCTO nanoplates. The BCO ratio
increases gradually for composites Co1, Co2, Co3, to Co4, ranging in 0−5 wt% of the total mass of each
sample. In order to better show the advantages of in-situ grown secondary phase for the following OER
tests, we also synthesized the pure Bi4Ti3O12 (BTO), BiCoO3 isostructures (BCO) and Bi5CoTi3O15
(BCTO) samples respectively. In addition, pure BCO and BCTO were physically mixed with the ratio of
2.5 wt%, and denoted as Phy Mix, for comparison purpose.
In a typical synthesis of the BCO, BCTO, Phy Mix, and BTO., Ti(OC4H9)4 (> 99.7%), Bi(NO3)3·5H2O (>
99%), Co(NO3)2·6H2O (> 99%) were dissolved into 4 M HNO3 solution according to the stoichiometric
ratio of Bi4Ti3O12, BiCoO3, and Bi5CoTi3O15, respectively. After 20 minutes of magnetic stirring, the
homogeneous metal-ion solution was added into a 1.66 M NaOH solution (70 mL). The resulting slurry
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was aged overnight and then washed with water and ethanol several times. Afterwards, it was dried at
60 °C for 8 hours and sintered at 650°C for 2 hours. According to the stoichiometric ratio, samples are
denoted as BTO, BCO and BCTO. Phy Mix was prepared by physically mixing BCO and BCTO powders
with the ratio of 2.5 wt% using an agate mortar. XRD and SEM see Figure 5.5, and Figure 5.6
respectively.

Figure 5.5 XRD patterns of pure BCTO, BCO, Phy Mix (physically mixed 2.5 wt% BCO and BCTO),
and BTO samples.

Figure 5.6 SEM images (a) pure BCTO; (b) pure BCO; (c) Phy Mix (physical mixed 2.5 wt% BCO and
BCTO), and (d) pure BTO samples.

5.4 Electrocatalytic water splitting
The OER activities of the four in-situ grown samples (Co1, Co2, Co3, Co4) as well as Phy Mix sample,
and reference BTO sample were characterized by linear-scan voltammetry (LSV) experiments in 1 M
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NaOH electrolyte (Figure 5.7a). The current density at 1.7 V vs RHE is 20.34 mAcm-2, 0.25 mA cm-2,
0.025 mA cm-2 for Co2, Phy Mix, and BTO sample, respectively. Obviously, the performances of the insitu grown samples are several orders higher than the physically mixed sample as well as the reference
BTO sample. This can be explained by the following reasons. At first, in-situ grown secondary phase
nanoparticles on the surface of nanoplates ensure a favorable heterojunction interface, which renders a
fast electron transfer as well as a possible synergistic effect of the two phases. Moreover, the unique
morphology, that is, decoration of the nanoparticles of BCO on the nanoplate of BCTO, guarantees
abundant active sites (BET specific surface areas is 22.2 m 2 g-1, 25.53 m2 g-1, 22.79 m2 g-1, and 17.56 m2
g-1 for Co1, Co2, Co3, and Co4 respectively), which is another reason for the incredible enhancements of
in-situ samples compared to ex-situ samples.
It is worth noting that the Co2 and Co3 sample exhibit s largest current density (j) when normalized by
BET surface areas to exclude the surface area contribution (inset of Figure 5.7a), which will be discussed
in detail with more characterizations as follows. The potential at current density j=10 mA cm-2 (j=10) is an
important parameter characterizing the efficiency of a cell. The corresponding overpotentials (against
1.23 V vs. RHE) of the in-situ grown samples are plotted in Figure 5.7b, which decreased from 420 mV
to 387 mV, and then raised up to 452 mV. Since a lower overpotential means less energy consumed to
split the water, the Co2 sample with the lowest overpotential (387 mV at j=10 mA cm-2) is the highestperforming OER electrocatalyst of all. The Tafel plots in Fig.3c and the Tafel slope values in Figure 5.7d
further confirm that the Co2 sample possesses the smallest Tafel slope of 44 mV dec -1. Such small Tafel
slopes (≤ 52 mV dec-1) indicates that the rate determining step tends to change from -OH adsorption to OOH formation [60], according to the possible OER process (Equation 5.2-5.5).
Catalyst + 2OH − = Catalyst − O + H2 O + 2𝑒 −

(5.2)

Catalyst − O + OH − = Catalyst − OOH + 𝑒 −

(5.3)

Catalyst − OOH + OH − = Catalyst − OO + H2 O + 𝑒 −

(5.4)

Catalyst − OO + OH − = Catalyst − OH + O2 + 𝑒 −

(5.5)
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Figure 5.7 Electrocatalytic characterization for the OER (a) LSV curves at the scan rate of 5 mV/s, inset
is the LSV curves normalized by BET surface area; (b) overpotentials of the four samples at the current
density of 10 mA cm-2 (j=10); (c) Tafel plots; (d) Tafel slopes of the four samples; (e) Nyquist plots, with
the inset showing the equivalent circuit; and (f) polarization resistance (Rp) of the four samples.

The measured electrochemical impedance spectra (EIS) provide more information about the
electrochemical process. An equivalent circuit composed of Rs, Rp, and CPE is proposed to interpret the
Nyquist plots in Figure 5.7e, where Rs represents the solution resistance, Rp represents the polarization
resistance, and CPE is the constant phase element (for the equivalent circuit see the inset of Figure 5.7e).
The Co2 sample has the smallest polarization resistance and the Rp values of the four samples are shown
in Figure 5.7f, which is in line with the results from LSV. In addition, the electrochemical active surface
area (ECSA) is generally proportional to double layer capacitance Cdl, which can be calculated based on

53

Chapter 5: Enhancing oxygen evolution efficiency of multiferroic oxides by spintronic and ferroelectric
polarization regulation

the Nyquist plots parameters and the equation:
𝐶dl = (

𝑇
𝑅s𝑃−1

1

)𝑃 /𝑆

(5.6)

T, P, Rs are the parameters resolved from Nyquist plots, and details provided in Table 5.2. The calculated
Cdl is about 82 μF cm-2, 158 μF cm-2, 107 μF cm-2, and 124 μF cm-2 for the Co1, Co2, Co3, and Co4
samples, respectively. Although these four sample have similar morphology and BET specific surface
areas (22.2 m2 g-1, 25.53 m2 g-1, 22.79 m2 g-1, and 17.56 m2 g-1 for Co1, Co2, Co3, and Co4 respectively),
the Co2 sample possesses a larger ECSA (Cdl) than the other three samples.

Table 5.2 Parameters by analyze Nyquist plots to calculate the capacity Cdl.
Sample
Co1

Rs (Ω)
17.43

(CPE) T
3.0E-5

(CPE) P
0.82

Cdl (μF cm-2)
82

Co2

24.36

4.7E-5

0.82

158

Co3

22.6

4.0E-5

0.81

107

Co4

17.07

3.0E-5

0.86

124

Poled Co1

23.55

3.7E-5

0.79

79

Poled Co2

28.56

3.0E-5

0.87

143

Poled Co3

38.32

3.7E-5

0.81

106

5.5 Electronic structure analysis
The O 1s spectra (Figure 5.8) were measured first, and they exhibit two peaks with the binding energy
(BE) at about 529.6 eV and 531.4 eV. The main peak located at 529.6 eV can be assigned to the lattice
oxygen, and the latter shoulder one can be assigned to the less electron-rich oxygen species, such as
surface chemisorbed oxygen species on the surface of BCO and BCTO [121]. Due to the complexity of
the oxygen containing species, we do not ascribe the shoulder peak to distinct species (e.g., O −, surface
OH groups, contamination CO2 etc). The peak area ratio of surface/lattice oxygen was defined as Rso, and
it is about 50%, 59%, 56% and 55% for the Co1 to Co4 samples. The relatively high percentage of
surface adsorbed oxygen species indicates that all the samples should have strong chemisorbing capacity.
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Figure 5.8 XPS spectra of O 2p peak (a) Co1; (b) Co2; (c) Co3 and (d) Co4.

In addition, the Co2 sample exhibited the best adsorption capacity, which is likely to have originated from
its superior surface electronic structure, which will be discussed later. To provide further information, the
temperature dependence of the magnetization (M−T) under magnetic field of 500 Oe was measured.
There are two broadened peaks located at 10 K and 42 K in Figure 5.9a, which are caused by weak
antimagnetic interactions of Co−O−Co. The Curie−Weiss law (Equation 5.7) was applied to fit the
curves, as shown in Figure 5.9b. All the as-prepared samples have a positive linear correlation,
suggesting Curie−Weiss paramagnetism. According to Equations 7 and 8, the effective magnetic
moment, µeff and average eg electron number can be estimated based on the quenching of orbital angular
momentum (L = 0) and a measured g factor.
1
𝜒

1

𝑇𝐶

𝐶

𝐶

= 𝑇+

(5.7)

Where χ, C, T, and TC represent the magnetic susceptibility, Curie−Weiss constant (C > 0), temperature,
and Curie point, respectively.
𝜇eff = √

3𝑘𝐶

(5.8)

𝑁

Where µeff is the effective magnetic moment, k is Boltzmann constant, C is the Curie−Weiss constant, and
N is the number of magnetic ions in the unit cell (N = 1, since there is only one Co atom in the BCTO or
BCO).
𝜇eff = 𝑔√𝐽(𝐽 + 1)𝜇B
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Where g is the Lande factor, J is total quantum number, and 𝜇B is the Bohr magneton. (g can be
approximated by 4.2 in Bi6Fe2Ti3O18 and Bi6FeCrTi3O18[122].)

Table 5.3 Estimated Curie-Weiss constant C, effective magnetic moment μeff and eg electron number.
Sample

C (10-4 K μB Oe-1 f.u.-1)

μeff (μB)

eg electron

Co1

5.32

4.65

1

Co2

8.40

5.85

1.2

Co3

10.02

6.32

1.3

Co4

19.38

8.73

1.5

Figure 5.9c demonstrates the increasing trends in Curie-Weiss constant, effective magnetic moment, and
average eg electron number from the Co1 to the Co4 samples (For the numerical values, Table 5.3). In
theory, to reveal the evolution of the electronic structure, the secondary phase BCO and the main phase
BCTO should be separated when measuring, which was very difficult to realize in our case, however.
Nevertheless, the ratio of BCO to BCTO is relatively very small (0−5 wt %), and the only difference
between the four samples is none other than the ratio of BCO to BCTO. Thus, it is reasonable to identify
the contribution of the secondary phase BCO by carefully comparing the subtle change in the entire
BCO/BCTO sample. Here, the increase in the calculated average eg electron number from Co1 to Co4
sample is due to the increased of amount of BCO. In BCO, the Co ions are octahedrally coordinated with
threefold degenerate high energy t2g orbitals and low energy doubly degenerate eg orbitals. In BCTO, the
Co ions are tetrahedrally coordinated with doubly degenerate high energy eg orbitals and threefold
degenerate low energy t2g orbitals. Therefore, the calculated eg number actually means the average
electron number in high energy orbitals (HE), that is, eg from main phase BCTO and t2g from 0−5 wt %
BCO.
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Figure 5.9 Electronic structure analysis. a Temperature dependence of the magnetization (M−T) under a
magnetic field of 500 Oe; b Temperature dependence of the inverse susceptibility 1/χ; c evolution of the
estimated Curie−Weiss constant C, effective magnetic moment, µeff and the eg electron number; d
normalized Co L−edge XAS spectra for the four samples.

XAS is an effective technique to investigate the specific electronic occupation. As shown in Figure 5.9d,
the Co L2,3 edge spectra are almost with the same for each of the four samples, which means that all the
Co is in the same valence state. The two absorption peaks located at 778 eV and 779 eV are due to the
spin-orbit splitting of the Co 2p state. Even though most octahedrally-coordinated transition metal ions
are suggested to be in the low spin state (LS) due to the strong crystal field, the octahedrally-coordinated
Co3+ ions (OCo) in the BCTO nanoplates have a strong probability of being found in the intermediate spin
(IS) state (t2g)5(eg)1, since they would make no contribution to the absorption peak at 778 eV if they were
in the LS state (t2g)6(eg)0. In the tetrahedral coordination of the secondary phase BCO, Co 3+ ions (TCo) may
be in the high spin (HS) state (eg)3(t2g)3 on account of the low crystal field of the tetrahedron. Then, the
absorption peak at 778 eV is contributed by the 2p−eg transition of HS TCo. Meanwhile, the absorption
peak of 779 eV is contributed by the 2p−eg transition of IS OCo together with the 2p−t2g transition of HS
TCo. In this situation, the relative intensity of the peak at 778 eV will be increased if the ratio of BCO to
BCTO is increased, just as the results of XAS measurements suggest. Importantly, this analysis is also in
agreement with the continuing increase of the effective magnetic moment µeff and the eg electron number
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based on the M−T curves.

5.6 Influence of ferroelectric polarization
Figure 5.10a presents the polarization−field (P−E) loops at room temperature. However, the measured
P−E loops are unable to reach saturation and they are not closed, all due to a certain degree of current
leakage. In fact, leakage problem is very common for smaller band gap ferroelectric materials (especially
the Bi-Co-contained oxides). Despite of the leakage, the intrinsic ferroelectric polarization of layered
perovskite material family have been well recognized [123]. The saturation polarization (2Ps) is 24.5 μC
cm-2 for the Co2 sample at the applied field of 80 kV cm -1. The remnant polarization (2Pr) extracted from
the P−E loops in Figure 5.10a increases from 7.12 μC cm-2 to 11.59 μC cm-2 and then decreases to 9.11
μC cm-2.

Figure 5.10 Effects of ferroelectric polarization (a) P-E loops at the maximum electric field of 90 kV cm1 at room temperature; (b) remnant P-E loop of Co2 at the maximum electric field of 60 kV cm-1 at room
temperature; (c) LSV curves of Co2 after corona-poling; (d) adsorption curves of RhB dye for the four
samples as well as the poled Co2 sample, with the inset the enlarged residual concentration at the
adsorption equilibrium after 20 min.

Figure 5.10b is the remnant P−E loop of the Co2 sample. Compared with the standard P−E measurement,
remnant P−E loops will be more reliable and provide more information about the reverse voltage, reverse
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speed, and useful non-residual polarization. The red curve represents the unswitched polarization part, the
blue curve the switched part, and the yellow one the remnant part (the difference between the switched
and unswitched polarizations). The closed feature of the remnant loop suggests the benign ferroelectric
properties of the Co2 sample.
As the layered perovskite nanoplates are single crystalline and ferroelectric, they will easily exhibit a
single domain structure aligned along the poling electric field direction. The corona polar method was
applied to form the one-directional dipolar alignment inside. Figure 5.10c presents the LSV curves
measured on the Co2 sample before poling and after poling, respectively. Remarkably, the overpotential
at 10 mA cm-2 is reduced from 387 mV to 320 mV after poling. The superimposed improvements by
poling can be explained as follows. At first, the poled crystals should attract more electrically charged
species from the ambient environment on their surfaces to screen the enhanced internal built-in electric
field for the sake of charge neutrality. Therefore, larger remnant polarization may result in better
adsorption capability. To test this inference, the adsorption capacity of the four samples was measured
with the organic dye rhodamine B (RhB) as the adsorbate target. As displayed in Figure 5.10d, all the asprepared ferroelectric samples can adsorb about 60% of the RhB molecules in 10 mg L -1 RhB solution,
although the Co2 sample shows superior adsorption over the other three (inset of Figure 5.10d) and the
adsorption is 20% further enhanced after poling. In addition, the energy band of the poled single crystals
will inevitably be bent by the magnitude of 0.3−0.5 V, as estimated in BaTiO3 at room temperature [112].
The OER process might be accelerated at the same applied voltage with favorable energy band bending.
To verify the above assumption, samples were also corona poled and their LSV curves and Tafel plots
were shown in Figure 5.11a and Figure 5.11b respectively. Based on the LSV curves in Figure 5.11a,
the overpotential at the current density j=10 mA cm-2 (j=10) is about 390 mV, 320 mV, and 360 mV for
Co1, Co2 and Co3 respectively. Apparently, poled Co2 and poled Co3 have exceeded the state-of-art
commercial IrO2 which is with 380 mV j=10. And corona poling treatment reduced the j=10 values to 30
mV, 70 mV, and 40 mV for the Co1, Co2 and Co3 respectively. Moreover, Tafel slope is decreased to be
59 mV dec-1, 34 mV dec-1, and 40 mV dec-1 for the three poled samples respectively (Figure 5.11b).
ECSA are calculated in the same method as mention above and the details are provided in Table 5.2,
from which we can see that ECSA do not change after corona poling treatment. LSV curves normalized
by BET surface area and ECSA is consistent with the ferroelectric polarization results, indicating that the
differences in the OER performance between the three poled samples are mainly originated from the
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intrinsic polarization intensity.

Figure 5.11 Electrocatalytic characterization for the corona poled samples (a) LSV curves at the scan rate
of 5 mV s-1; (b) Tafel plots of; (c) Long term chronoamperometric measurement of poled Co2 and IrO2;
(d) XAS spectra of poled Co2 sample before chronoamperometric measurement.

As shown in Figure 5.12, 20 cycles of cyclic voltammetry (CV) were conducted on the poled Co2 sample,
and there is no obvious redox peak during the forwards and backwards sweep, suggesting a very stable
phase and structure. However, the performance of 20th cycle is relatively worse than the 1st cycle. A long
term chronoamperometric measurement was also conducted on the poled Co2 sample at the potential of
1.5 V vs RHE with the duration of 20 hours (Figure 5.11c). The measured corresponding current density
decreased gradually in the first 14 hours and stabilized afterwards. After carefully analysis, we found that
the initial current density (3.5 mA cm-2) is almost the same as that from the LSV curve for poled Co2
sample in the Figure 5.11a (3.4 mA cm-2 at 1.5 V vs RHE). But 14 hours later, the current density is
decreased to 0.45 mA cm-2 (8-fold decreased).
To find the underlying mechanism, TEM and HRTEM images of poled Co2 sample before and after the
20 hours chronoamperometric measurement were conducted (Figure 5.13). TEM images demonstrate that
poled Co2 sample still keeps its original morphology during the 20 hours test. HRTEM images confirm
its regular lattice fringe and crystalline surface morphology and SAED patterns verify there is no
amorphization or phase transformation to other compositions, such as CoOOH et al. All these results
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suggest that there is no morphology or phase structure change during either the corona poling or the long
term OER test.

Figure 5.12 20 cycles of cyclic voltammetry (CV) on the poled Co2 sample.

Then XAS spectrum of corona poling treated poled Co2 sample after the chronoamperometric
measurement was measured and presented in the Figure 5.11d to gain in-depth surface electronic
information. It is obviously that peak intensity at 789 eV is much higher than that of 778 eV in poled Co2
sample before the long term chronoamperometric measurement, a sharp contrast to the curves in Figure
5.9d. According to above analysis, it means that the concentration of IS Co increased when poling Co2
sample. This change could be owed to a possible surface electronic structure modification during the
corona poling process before long term test. The discharged air plasma in corona poling process may
ensue tangling bond, defects generation, charge injection and other modification of surface, accompanied
with the ferroelectric poling. After the 14 hours long time chronoamperometric measurement, this kind of
transient surface electronic structure modification might be decreased. However, the poled Co2 sample
still performed better than unpoled Co2 sample and IrO2 with the assistance of the permanent ferroelectric
polarization inside in this situation (0.45 mA cm -2 of poled Co2, 0.17 mA cm-2 of poled Co2 and 0.32 mA
cm-2 of IrO2). It means that the performance improvement contributed by the surface electronic
modification may be dwindled gradually within 14 hours but the effects contributed by the ferroelectric
polarization works all the time.
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Figure 5.13 Morphology before and after 20 hours chronoamperometric measurement (a) TEM image of
poled Co2 sample before chronoamperometric measurement; (b) TEM image of poled Co2 sample after
chronoamperometric measurement; (c) HRTEM image and corresponding SAED of the main phase
BCTO of the poled Co2 sample before chronoamperometric measurement; (d) HRTEM image and
corresponding SAED of the main phase BCTO of the poled Co2 sample after chronoamperometric
measurement.

5.7 Discussion
The high intrinsic OER efficiency and similarity of the LSV curves normalized by BET surface area for
Co2 and Co3 can be contributed to the compromises of ferroelectric polarization and spin states. Co2
sample is with better ferroelectricity but the effective magnetic moment μeff (average eg electron number)
of Co3 sample is higher. But after poling these two samples, Co2 performed better than Co3 as the
contribution of the ferroelectric polarization is predominant in this situation. Figure 5.14 gives a clear
point of this work: by inserting several magnetic layers of BCO into ferroelectric layered perovskite, 0−5

62

Chapter 5: Enhancing oxygen evolution efficiency of multiferroic oxides by spintronic and ferroelectric
polarization regulation

wt % BCO decorated 4-layered perovskite BCTO nanoplates were formed. The Co 3+ in the BCO is in the
tetrahedrally coordinated (eg)3(t2g)3 HS state, which increases the eg electron number (or high energy
orbital electrons). Meanwhile, BCTO ultrathin nanoplates provide a large surface area and Co 3+ in the IS
spin state with the (t2g)5(eg)1 configuration, as well as desirable remnant polarization. During the OER
process, it is electrons located in unfulfilled high energy orbitals of 3d transition metal ion on the surface
that participate in σ-bonding with the adsorbates. Neither too weak nor too strong bonding is favorable for
absorption and desorption at the same time. Due to its intrinsic ferroelectric property, BCTO nanoplates
may present an approximate single domain structure with strong polarity when applying the corona poling.
This provides additional driving forces towards charge transport on the electrode due to band bending and
attracts more charged interactants such as OH- near the surface in the electrocatalytic OER process. At the
same time, corona poling might also bring about favorable surface modification, which further improve
the OER efficiency of the electrocatalysts. In this way, the rate determining step tends to change from OH adsorption to -OOH formation, resulting in a dramatically low Tafel slope and greatly enhanced OER
efficiency.

Figure 5.14 Illustration to demonstrate the advantages of the in-situ as-prepared BCO/BCTO
nanostructures for electrocatalysis.

5.8 Conclusions
Here, we reported a strategy to improve the OER activity: in-situ grown a secondary phase on a
ferroelectric matrix and corona poling it afterwards. At first, layered perovskite BCTO nanoplates with
in-situ grown BCO nanoparticles were successfully prepared by a one-step hydrothermal method.
According to the XRD and SEM results, the BCTO nanoplates are 10 nm in thickness, and the BCO
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nanoparticles are in the ratio of 0−5 wt%. HRTEM and EDS mapping confirm the single crystallinity of
the BCTO nanoplates and the composition of the BCO nanoparticles. All four samples exhibit excellent
electrocatalytic OER activity, low overpotential, low Tafel slopes, and low polarization resistance.
Nevertheless, the efficiency is increased from the Co1 to the Co2 sample, then decreased on the Co3 and
Co4 samples, although they have a similar BET surface area (about 20 m 2 g-1). Based on the M−T and
XAS results, the estimated Curie−Weiss constant C, effective magnetic moment µeff, and average eg
electron number are increased from the Co1 to the Co4 sample. The maximum OER activity was realized
on the Co2 sample with its appropriate electronic configuration. What is more interesting, the OER
property can be further improved by the corona poling method, resulting in the low overpotential of 320
mV at the current density of 10 mA cm-2 and a Tafel slope of 34 mV dec-1. The phase and morphology are
very stable after treated by corona poling and the long term OER tests. The improvement contributed by
the surface modification may decreased gradually within 14 hours but the effects of ferroelectric
polarization works all the time. This work may provide an additional instructive strategy to enhance the
OER performance for future energy conversion and storage devices.
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Chapter 6
6 High oxygen evolution activity of tungsten bronze oxides
boosted by anchoring of Co2+ at Nb5+ sites accompanied by
substantial oxygen vacancy
6.1 Introduction
The efficiencies of many green energy technologies are generally restricted by the sluggish kinetics of the
oxygen evolution reaction (OER) [83,124,125]. The underlying mechanisms are gradually being revealed,
but they are not fully explicated as yet. For the traditional adsorbate evolution mechanism (AEM) [23,27],
the rate-determining step is the O–O bond formation through nucleophilic attack of *O by water or OH occurring on single metal active sites (Eley–Rideal, ER-type mechanism) [28,3].This step can be avoided
by the direct formation of the O–O bond between the neighboring oxygen species on two adjacent active
sites (Langmuir–Hinshelwood, LH-type mechanism) [29]. In principle, the LH-type mechanism with two
conjunct active sites is more desirable, but it requires the distance between two active sites to be short
enough [30]. Activating the LH-type mechanism remains a challenge if only metal cations are OERactive, as two metal cations are spatially separated by the oxygen anion in oxide catalysts, while the pure
transition metals with short metal atom distances are usually unstable as anode.
Recently, O-O formation via direct coupling between a metal cation and a lattice oxygen anion, known as
lattice oxygen mechanism (LOM), has been proposed both theoretically and experimentally [31-33]. In
this mechanism, both metal cations and lattice oxygen anions are active sites, cooperating with each other
due to the short distance between them. The underlying physics of the LOM is that the electrons involved
are contributed by the metal 3d orbitals as well as the O 2p orbitals when Fermi level enters into the O 2p
band [13]. Exploring new-type LOM-active electrocatalysts or turning traditional AEM electrocatalysts
into LOM ones by regulation, are two common strategies [126-128]. For instance, CaCoO3 is a new LOM
high-efficiency OER electrocatalyst with a significantly small lattice parameter due to the high valence
state of Co [4]. Unfortunately, this kind of rigid structure is rather rare under ambient conditions, since
they require rigorous synthesis conditions such as high temperature and ultrahigh pressure. To turn AEM
to LOM in ABO3 perovskites, one of the indirect methods applied is A-site doping to increase the valence
state on the B-site metal active sites, for example, by doping Sr into La sites in the perovskite LaCoO 3-δ
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[11]. This strategy is usually limited, however, by the crystal lattice tolerance and poor stability issues
when the O p-band center is too close to the Fermi level [79].
Compared to the rutile, perovskite, spinel, or pyrochlore structures that are usually adopted by transition
metal oxides, the tetragonal tungsten bronze (TTB) structure, represented among a large family of solid
solutions with enormous structural flexibility, has not been reported as an OER-active matrix, although it
has been extensively studied in the realms of electro-optic, piezoelectric, pyroelectric, millimeter wave,
and photorefractive applications [129,130]. With the typical formula of (A1)4(A2)2C4B10O30, the A1
cations are in the 15-fold-coordinated sites, the A2 cations are in the 12-fold-coordinated sites, the B
cations are in two different 6-fold-coordinated sites, and the C cations are in the 9-fold-coordinated sites
[131]. Typically, A1, A2, and C sites can be empty or filled by alkali and alkaline-earth metal ions, which
make the structure relatively flexible and stable. In addition, B sites are octahedrally coordinated, and
they are reserved for high valence state cations such as Nb 5+ or Ta5+. What is more interesting, the
connections of the NbO6 octahedra are versatile in the TTB structure with the Nb-O-Nb distance ranging
from 3.71 to 3.94 Å, in contrast to the rigid perovskite structure, for example, LaCoO 3 (Co-O-Co 3.82 Å)
and SrCoO3 (Co-O-Co 3.86 Å). Thus, we consider that the flexible TTB structure could be an excellent
matrix, capable of fast OER mechanisms, if it can accommodate enough OER-active sites.
In this work, we attempted to anchor Co on Nb 5+ sites in Sr0.5Ba0.5Nb2O6 (SBN), to explore the possible
OER activity and mechanisms in the TTB structure. The similarity in the ion radii of Co and Nb ensures
the success of substitution, while the difference in valence could introduce a huge amount of oxygen
defects (Co2+ (LS, 0.79 Å) vs. Nb5+ (0.78 Å)), with the great potential of activating faster mechanisms
with the involvement of oxygen defects. Sr0.5Ba0.5Nb2-xCoxO6-δ (x = 0, 0.3, 0.45, 0.6, denoted as SBN,
SBNC30, SBNC45, and SBNC60, respectively) with different amounts of Co was prepared to optimize
the proportion of substitution. The crystal structure results suggest that the TTB structure can be well
maintained in the SBN, SBNC30, and SBNC45, but the perovskite secondary phase would emerge in the
SBNC60. Electronic study suggests that the occupation of Co in the Nb5+ sites of TTB structure brings
about massive oxygen vacancy (Ovac) and stabilizes itself in the form of Co2+. The presence of oxygen
vacancies (Ovac) leads to a spin state transition of Co2+ from high spin (HS) to low spin (LS) due to the
further crystal field splitting. The coexistence of O vac and LS Co2+ triggers an oxygen intercalation
mechanism, endowing SBNC45 with superior OER performance to commercial IrO2 under alkaline
working conditions.
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6.2 Experimental
6.2.1 Synthesis
All the samples in the present work were prepared by conventional solid-state reaction (SSR). Nb2O5
(99.99%), Ba(NO3)2 (≥ 99%), Sr(NO3)2 (≥ 99%), Co(NO3)2·6H2O (≥ 98%), KNO3 (≥ 99%), LiNO3
(99.99%), and Fe2O3 (99.995%) were purchased form Aldrich Ltd. and used as starting materials. For the
preparation of the SBN, SBNC30. SBNC45, and SBNC60 samples, the corresponding chemicals were
mixed homogenously in stoichiometric ratios according to the formula Sr 0.5Ba0.5Nb2-xCoxO6-δ (x = 0, 0.3,
0.45, 0.6). The mixed powders were first pressed into pellets under axial pressure (8 MPa) and calcinated
at 700°C for 2 hours in air. After cooling down, these pellets were reground into fine powders and
repressed into pellets under axial pressure (12 MPa). After sintering at 1150°C for 12 hours in air
atmosphere, all the pellets were ground for 2 hours before characterizations and electrochemistry tests.
Sr0.5Ba0.5Fe0.45Nb1.55O6 denoted as SBNF45 and Sr0.4Ba0.4Co0.2Nb2CoO6 denoted as (SBC)N were also
prepared under the same conditions. KNb 0.775Co0.225O3 (KNC), LiNb0.925Co0.075O3 (LNC075), and
LiNb0.775Co0.225O3 (LNC225) were prepared by following the same procedure except for their relatively
lower final sintering temperature (1000°C). Commercial IrO2 (99.9%) with a Brunauer-Emmett-Teller
(BET) surface area of ~32.5 m2 g-1 was also purchased from Aldrich Ltd and tested after grinding.
6.2.2 Materials characterization
X-Ray powder diffraction patterns (XRD) were recorded on a GBC eMMA X-ray diffractometer with
Cu-Kα radiation and refined by the Pawley method. Scanning electron microscopy (SEM) and element
mapping images were obtained on a JEOL JSM-7500FA and atomic arrangements from high-angle
annular dark field (HAADF) and annular bright field (ABF) observations were conducted on a scanning
transmission electron microscope (STEM, JEOL JEM-ARM200F). The Brunauer-Emmett-Teller (BET
Nova 1000, Quantachrome Instrument) surface area was estimated based on the nitrogen
adsorption/desorption isotherms. Raman spectra were collected at room temperature with a SPEX-1403
Laser Raman spectrometer excited by a 532 nm wavelength Ar + laser. Magnetization-temperature curves
were measured under a 500 Oe magnetic field within the temperature range of 5‒340 K on a Quantum
Design physical properties measurement system (PPMS-9T) (Quantum Design, USA) with the vibrating
sample magnetometer (VSM) option. Electronic structure was analyzed based on X-ray photoelectron
spectra (XPS) collected on a SPECS XPS/Auger spectrometer, Co L-edge soft X-ray absorption spectra
(XAS) from the BL12B-a facility of the National Synchrotron Radiation Laboratory (NSRL, P. R. China),
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O K-edge spectra from the Soft X-ray Spectroscopy beamline at the Australian Synchrotron (AS,
Australia), and Co K-edge spectra from BL14W1 facility of the Shanghai Synchrotron Radiation Facility
(SSRF, P. R. China).
6.2.3 Electrochemical testing
For the preparation of working electrodes, 0.75 mL deionized water and 0.25 mL isopropanol, 2 mg
carbon powder, 10 mg of electrocatalyst, and 0.1 mL of Nafion® 117 solution were mixed under
ultrasound for 1 hour to form an homogenously mixed ink, and then 3 μL of above ink was drop casted
onto a glassy carbon (GC) electrode 3 mm in diameter (effective electrode area 0.07065 cm 2, mass
loading 0.38 mg cm-2). OER performances were obtained on an electrochemical workstation (Ivium-nStat, Ivium Technologies) and a standard three-electrode electrochemical cell with saturated Ag/AgCl as
reference electrode and platinum wire as the counter electrode. All the measurements were carried out in
1 M NaOH aqueous solution except for the pH-dependent linear sweep voltammetry (LSV) test. All LSV
curves and Tafel plots were measured at a scan rate of 5 mV s-1. Electrochemical impedance spectroscopy
(EIS) was conducted at 1.6 V vs. reversible hydrogen electrode (RHE), over frequencies from 1‒10 5 Hz.
All the potentials vs. Ag/AgCl were converted to vs. RHE according to the Nernst Equation.

6.3 Crystal and electronic structure
From the XRD patterns in Figure 6.1a, we can see that the original TTB structure can be maintained
when x ≤ 0.45. A secondary phase identical to perovskite KNbO 3 (Cubic, space group Pm-3m) would
emerge, however, when x ≥ 0.6. Thus, a Co-doped KNbO3 perovskite with same Co/Nb ratio (KNC) was
also prepared for a better comparison, the XRD pattern of which is also provided in Figure 6.1a. The
specific crystal structure information can be obtained by the Retiveld refinement method, based on TTB
Sr0.5Ba0.5Nb2O6-δ (Tetragonal, space group P4bm) prototype. The refined pattern of SBNC45 is displayed
in Figure 6.1b (for other samples see Figure 6.2). The profile and weighted profile R factors (Rp and Rwp)
are far smaller than 7% for the SBN, SBNC30, and SBNC45 samples, indicating the pure tetragonal
tungsten bronze structure (TTB) phase when x ≤ 0.45. The refined lattice parameters are listed in Table
6.1.
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Figure 6.1 Structure characterization spectra. (a) XRD patterns of SBN, SBNC30, SBNC45, SBNC60
and KNC; (b) refined XRD pattern of SBNC45 as a demonstration; (c) Co L 3-edge XAS spectra recorded
on the as-prepared samples as well as standard references; (d) Co K-edge XAS spectra of SBNC30 and
SBNC45, and plots downloaded from https://materialsproject.org/ for comparison; (e) O K-edge XAS
spectra of SBNC30, SBNC45, and SBNC60; (f) fitted XPS core level spectra of O 1s from SBNC30,
SBNC45, and SBNC60.

The enlargement of the unit cell from SBN to SBNC45 can be clearly observed from Table 6.1, implying
that Co has been successfully doped into the TTB crystal lattice. If Co cations are not incorporated into
the TTB lattice, the unit cell is likely to shrink with reduced lattice parameters, given the insufficient
supply of both Nb and Co.
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Table 6.1 Lattice parameters from XRD refinement.

a
b
c
Vol

SBN
12.4803 Å
12.4803 Å
3.9598 Å
616.7700 Å3

SBNC30
12.4997 Å
12.4997 Å
3.9505 Å
617.2359Å3

SBNC45
12.5202 Å
12.5202 Å
3.9504 Å
619.2466 Å3

On the basis of the radii of the cations listed in Table 6.2, Co ions should have to occupy Nb sites in the
TTB lattice. In addition, from original designs, only Nb sites with suitable size (0.78 Å) are left as
vacancies reserved for Co, and Ba or Sr sites are well allocated with large cations (at least larger than 1.32
Å). On the contrary, if Co cations are located at Ba or Sr sites, then the Ba or Sr should have to find sites
that are large enough for them, which is not available in the TTB structure. What is noteworthy is that
there is a large probability that Co2+ rather than Co3+ enters Nb sites because the smaller radius of Co3+
(irrespective of the spin state) might also lead to lattice shrinkage, which is opposite to the XRD results.
Herein, we draw a preliminary conclusion that Co has been successfully anchored in Nb sites with the
valence state of Co2+.

Figure 6.2 Refined XRD patterns based on the TTB Sr0.5Ba0.5Nb2O6-δ (Tetragonal, space group
P4bm): (a) SBN; (b) SBNC30; (c) SBNC45, and (d) SBNC60, in which the marked peak in the
Differences curve was most probably induced by the perovskite secondary phase.

To verify the above conclusion, XAS spectra of the Co L3-edge were first conducted as shown in Figure
6.1c. Spectra of SBNC30 and SBNC45 coincide with the standard CoO (Co 2+), while SBNC60 sample
contains both Co2+ and Co3+ compared to the spectra of reference samples CoO (Co 2+) and Co2O3 (Co3+).
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This implies that the TTB structure has the capacity to stabilize Co2+ cations in its lattice, while SBNC45
encompasses the maximum amount of Co 2+. Doping excessive Co into SBNC60 would generate a
perovskite secondary phase containing Co 3+. This result can also be confirmed by the Co K-edge X-ray
absorption near-edge structure (XANES) spectra in Figure 6.1d, which reflects the electronic dipole
transition from the 1s level to the 4p levels. The absorption edge position of SBNC30 and SBNC45 agree
with the Co2+ from the standard Al2CoO4. The pre-edge peak at 7100 eV is visibly in tetrahedral
coordination, originating from the electron transition from the Co 1s to 3d orbitals. The octahedrally
coordinated SBNC30 and SBNC45 reflect a certain degree of lattice distortion of the CoO 6 octahedra
from the central symmetry [132].

Table 6.2 Parameters of cations in different coordination environments.
Spin state Crystal Radii[a]
High spin 0.67 Å
Low spin 0.69 Å
Co3+
3d6
6
High spin 0.75 Å
Low spin 0.79 Å
Co2+
3d7
6
High spin 0.89 Å
Nb5+
4d0
6
0.78 Å
6
1.32 Å
Sr2+
5s0
12
1.58 Å
6
1.49 Å
Ba2+
6s0
12
1.75 Å
[a] These data are from: http://abulafia.mt.ic.ac.uk/shannon/pTable.php
Cations
Co4+

Electronic
3d5

Coordination
6

t2g
3
6
4
6
5
-

eg
2
0
2
1
2
-

The specific spin structure of Co2+ can be estimated based on the temperature dependence of the
magnetization (M−T) curve and the Curie-Weiss law fitting [133,75]. From Figure 6.3 we can see that the
magnetization of all samples decreased with increasing temperature, and the inverse magnetic
susceptibility curves fit very well with the Curie-Weiss law, suggesting an overall paramagnetic ground
state. After calculation, the number of unpaired electrons of Co 2+ in SBNC30 is found to be near 3, but it
decreased to about 2 in SBNC45 (details in Table 6.3). This result implies that SBNC45 encompasses a
larger proportion of LS Co2+ with fewer unpaired electrons, while SBNC30 contains more HS Co 2+ with
more unpaired electrons. It should be noted that the spin configuration estimated based on Curie-Weiss
law is the average information for the bulk.

71

Chapter 6: High oxygen evolution activity of tungsten bronze oxides boosted by anchoring of Co 2+ at
Nb5+ sites accompanied by substantial oxygen vacancy

Figure 6.3 (a) Magnetization‒temperature (M-T) curves for SBNC30, SBNC45, and SBNC60; (b)
corresponding curves of inverse magnetic susceptibility versus temperature.

Table 6.3 Electronic parameters calculated based on the M-T curves and Curie-Weiss law.

SBNC30
SBNC45

Curie constant
(10-4 K μB Oe-1 f.u.-1)
1.19
0.757

Ueff
(μB)
4.21
2.74

Unpaired number [a]
(n)
3.3
1.9

LS Co2+ [b]
Percentage
Low
High

The original Nb sites are in the 5+ valance state in the TTB structure, but they accommodate Co 2+, which
is reminiscent of a large amount of oxygen vacancy (Ovac) generation reducing the valence state of Co for
the principle of electrical neutrality during the crystal growth. The generation of O vac can be confirmed by
the O K-edge XAS spectra in Figure 6.1e. Since only electron transition from O 1s to unoccupied states
with O 2p character can be probed in O K-edge XAS, it gives information on the density of unoccupied O
2p states and hybridizing with transition metal 3d states [49]. The peak at 538.4 eV represents the
transition from O 1s to O 2p and the broad peak range of 540-545 eV contains the transitions to O 2p
hybrids with metal sp orbitals [134]. The absorption around 532.8-533.4 eV is caused by the electron
transition from O 1s to Co 3d, while the absorption peak located at 536.7 eV reflects the electron
transition from O 1s to oxygen vacancy (Ovac) related unoccupied 2p orbitals [135]. O K-edge XAS
spectra with the features of the transition from O 1s to oxygen vacancy (Ovac) related unoccupied 2p
orbitals confirm the existence of Ovac on the surface.
Further solid evidence can be observed in the O 1s core-level spectra in Figure 6.1f. The peaks with
binding energy (BE) around 528.3-528.8 eV are signals from the electron transition of lattice oxygen (O L).
The peak ranging 531.6-531.7 eV is most likely contributed by surface adsorbed oxygen (Oad), while the
peak centered at 529.6-529.9 eV can be assigned to the less electron-rich oxygen species related to the
oxygen vacancies (Ovac) [136]. As summarized in Table 6.4, the peak area from oxygen vacancy related
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species is substantial for all the samples, from 41.1% for SBNC30 and 61.4% for SBNC45 to 39.7% for
SBNC60, indicating that enormous amounts of oxygen vacancies (O vac) are generated on their surfaces.

Table 6.4 Fitting parameters of O 1s core-level spectra.
Peak1(eV)

Ratio

Peak2(eV)

Ratio

Peak3(eV)

Ratio

SBNC30

528.3

4.8%

529.9

41.1%

531.6

33.9%

SBNC45

528.5

4.7%

529.6

61.4%

531.7

54.1%

SBNC60

528.8

6.9%

529.7

39.7%

531.5

53.7%

Raman spectra investigated at room temperature in the frequency range of 100-1100 cm-1 can also
provide some structural information (Figure 6.4a). The spectrum of SBN obtained here is well consistent
with previous reports [137,138]. Spectra of SBNC30 and SBNC45 are similar to that of SBN but with
obvious peak broadening, which is caused by additional disorder introduced by O vac with cobalt
substitution. Due to the complexity of the TTB structure, there are 45 atoms and 135 vibrational modes in
the unit cell. Remarkably, there is the strongest peak located at around 834 cm -1 in SBNC30, SBNC45,
and SBNC60, which cannot be observed in the SBN. This peak is identified as a vibrational mode of the
CoO6 octahedron, as detected in cobalt doped layered perovskite oxides [139]. Therefore, the emerging of
this vibrational mode of the CoO6 octahedron confirms that Co cations are octahedrally coordinated,
excluding the possibility that Co may be located in the Ba/Sr sites, which are not octahedral environments.

Figure 6.4 (a) Raman spectra of SBN, SBNC30, SBNC45, and SBNC60 at room temperature. The peak
located at 837 cm-1 is attributed to the vibration modes of CoO 6 octahedra; (b) SEM image of SBNC45;
(c) BET isotherms for SBNC30 and SBNC45.

Figure 6.5a presents the calculated crystal structure of SBNC45 based on the XRD refinement with two
cells projected in the (001) plane. On average, the distances between Nb/CoO 6 octahedra are 3.73 Å
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(50%), 3.79 Å (25%), and 3.97 Å (25%). The high percentage with the short distance of 3.73 Å makes the
average distance between Nb/Co around 3.81 Å, which is smaller than for other Co based perovskite
oxides such as LaCoO3 (3.82 Å) and SrCoO3 (3.86 Å). Figure 6.5b is a transmission electron microscope
(TEM) image of a single crystal SBNC45 particle around 200 nm in size. It is noteworthy that some of
the particles are polycrystals with a broad size distribution due to the high sintering temperature of the
SSR method. The average particle size is about 1.5 μm, estimated from the SEM image (Figure 6.5b), so
the sample has a relatively small BET surface area (~2.6 m 2 g-1, Figure 6.5c).

Figure 6.5 (a) Two unit cells projected on the (001) plane, based on the refined structure of SBNC45; all
A sites are occupied by metal cations, but, in fact, they are partially occupied but randomly distributed; (b)
TEM image of a SBNC45 particle around 200 nm in size; (c) HAADF image from the edge of the particle
in Figure 6.5b, with the inset the corresponding SAED pattern by fast Fourier transform (FFT); (d)
enlarged HAADF image from Figure 6.5c with the superposition of one unit cell marked with circles and
lines; (e) ABF image with high magnification, in which the dark area marked in red circles is the oxygen
atom column, while the bright area marked in yellow circles denotes the oxygen vacancies.

The TEM image in Figure 6.5c is a high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image recorded with the electron beam along the [001] zone axis, from
which we can see that these atoms are highly organized in a crystalline pattern. The inset is the selected
area electron diffraction (SAED) pattern corresponding to the lattice from the HAADF image, indicating
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a good single crystallinity in that area. The enlarged HAADF image in Figure 6.5d with the superposition
of a unit cell of the TTB structure confirms the pure phase of the as-prepared samples despite the Co
doping. There are two adjacent Co/Nb sites as noted, with a spacing of 3.72 Å, which is consistent with
the value of 3.73 Å from the XRD refinement. A distance of 3.42 Å for the other two adjacent Co/Nb
cations is also observed, however, which is a characteristic of lattice distortion induced by oxygen
vacancy (Ovac). Figure 6.5e is an annular bright-field scanning transmission electron microscope (ABFSTEM) image, enabling us to observe the atomic columns of both relatively heavy elements (metals) and
light elements (oxygen) with the same contrast. The electrons that are incident on the oxygen vacancy
(Ovac) columns will pass through directly, appearing as bright dots marked by yellow circles in the image.
If oxygen atoms are present in the crystal lattice, then black dots will be observed instead, as marked with
pink circles. It is obvious that the bright dots account for a dramatically larger proportion than the black
dots in Figure 6.5e. This result from ABF is another piece of solid evidence that strongly affirms the
existence of abundant oxygen vacancies (Ovac) on the surfaces of the as-prepared samples.

6.4 Electrochemical Tests
Linear-scan voltammetry (LSV) curves tested in 1 M NaOH electrolyte are displayed in Figure 6.6a, in
which the current density (j) is calibrated by the disk electrode area (0.0765 cm 2). The current density at
1.7 V vs. RHE is 1.0 mA cm-2, 12.9 mA cm-2, 30.9 mA cm-2, and 29.2 mA cm-2 for SBN, SBNC30,
SBNC45, and SBNC60, respectively. The overpotential ( ) at 10 mA cm-2 is about 460 mV, 400 mV, and
401 mV for the SBNC30, SBNC45, and SBNC60 samples, respectively. As expected, SBNC45
performed better than SBNC30 because more Co active sites were involved, although SBNC60 with more
cobalt content exhibits similar OER activity to that of SBNC45. This phenomenon can be well explained
by the crystal and electronic result that excessive Co in SBNC60 forms a perovskite secondary phase,
although Co3+ in the perovskite secondary phase might not as active as Co 2+ in the TTB structure. This is
evidenced by the negligible OER performance of the perovskite KNC with the same Co ratio prepared by
the same method (Figure 6.7). Thus, when part of the surface of TTB is covered by perovskite, it would
result in a slightly reduced OER performance. The values of Tafel slopes can be calculated based on the
Tafel curves in Figure 6.6c: 91 mV dec-1, 60 mV dec-1, 57 mV dec-1, and 53 mV dec-1 for SBN, SBNC30,
SBNC45, and SBNC60 respectively. Even though the Tafel slope of SBNC60 is slightly smaller than that
of SBNC45, SBNC45 has a lower overpotential at logj = 0. Thus, the result from the Tafel slope is in
good agreement with that obtained from the LSV curves.
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Figure 6.6 (a) LSV curves collected at the scan rate of 5 mV s-1 in 1 M NaOH; (b) Specific activity and
mass activity at the overpotential of 420 mV; (c) Tafel plots with the scan rate of 5 mV s-1; (d) Nyquist
plots measured at 1.6 V vs RHE, ranging from 1‒105 Hz; (e) LSV curves of SBNC45 at the scan rate of 5
mV s-1 in 0.01 M NaOH, 0.1 M NaOH, and 1 M NaOH, insets are the corresponding curves measured on
SBNC30 (top) and SBNC60 (bottom); (f) chronoamperometry (CA) curve (top) at the overpotential of
400 mV and chronopotentiometry (CP) curve (bottom) at the current density of 10 mA cm-2 with the
duration of 8 hours tested on the SBNC45

To provide a clear comparison between these electrocatalysts, the mass activity (MA) and specific
activity (SA) at overpotential  = 420 mV for all the samples are displayed in Figure 6.6b. The MA is the
current density based on the current normalized by the corresponding mass of electrocatalyst, which is
more useful in practical applications. The SA normalized by the total surface area can reflect the intrinsic
activity of the catalyst, which is significant for fundamental research. In Figure 6.6b, an upward tendency
can be observed from SBN to SBNC45, and then a downward tendency when it comes to SBNC60. This
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general dependency is even more distinctive when evaluated from the SA rather than from the MA, which
indicates that their intrinsic OER activity is even more different. We note that SBNC45, SBNC60, and
even SBNC30 are better than state-of-the-art IrO2 in terms of their intrinsic activity according to the SA
results.

Figure 6.7 OER performance of KNC: (a) LSV curve with the scan rate of 5 mV s-1 ; (b) Tafel plot
collected with the scan rate of 5 mV s-1; (c) Nyquist plot measured at 1.6 V vs RHE, with the frequency
ranging from 1‒105 Hz.

The Nyquist plots in Figure 6.6d show that the polarization resistance (semicircle diameter) is decreased
dramatically from SBN to SBNC60, which means that the electron transfer barrier is greatly reduced with
increasing Co content. Being proportional to the electrochemical surface area (ECSA), the double-layer
capacitance (Cdl) can provide another comparison. The calculated Cdl derived from the cyclic
voltammograms (CVs, Figure 6.8) versus the scan rate is 1.10 mF cm −2 on SBNC30, 4.02 mF cm−2 on
SBNC45, and 1.03 mF cm−2 on SBNC60. The higher Cdl value of SBNC45 implies that more enriched
active sites are involved. Furthermore, LSV measurements on SBNC30 and SBNC45 were also
conducted in NaOH electrolytes with different pH values. As shown in Figure 6.6e and the insets, the
OER activities of SBNC30, SBNC45, and SBNC60 all exhibit a strong pH-dependent characteristic,
implying a non-concerted proton–electron transfer related OER mechanism [16]. Long-term activity and
stability were tested on SBNC45, as shown in Figure 6.6f. Both the chronoamperometry (CA) at the
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overpotential of 400 mV and the chronopotentiometry (CP) at the current density of 10 mA cm -2 were
stable over a duration of 8 hours, confirming the good performance stability of the SBNC45 sample. With
respect to its structural stability, the high resolution TEM (HRTEM) in Figure 6.9 suggests that SBNC45
can maintain its TTB structure with no obvious structural deterioration or surface amorphization.

Figure 6.8 Cyclic voltammograms collected with different scan rates from 1.10‒1.20 V vs RHE: (a)
SBNC30; (b) SBNC45; (c) SBNC60.

Figure 6.9 HRTEM-HAADF image of SBNC45 sample after the OER tests.

6.5 Discussion
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The greatly improved OER performance of the cobalt doped TTB structured samples is likely to have
originated from the allocation of low valence state Co 2+ to the original high valence state Nb5+ sites,
which leads to the generation of a tremendous amount oxygen vacancy (O vac) (Figure 6.10a). One of the
most amazing merits of the TTB structure is its unique octahedral connection network that is flexible
enough to accommodate Co2+ cations together with Ovac. On the one hand, oxygen vacancy (Ovac) on the
surface facilitates the adsorption of OH- in the interface, as experimentally and theoretically proved by
many researchers [11,13]. On the other hand, one Ovac in an oxygen containing octahedron could
transform the coordination to pyramidal, with a degeneration of the 3d orbital energy, as illustrated in the
diagram in Figure 6.10b. The evolution of this electronic structure will lead to a decrease in the number
of unpaired electrons, which is confirmed by the results of the magnetization characterization.

Figure 6.10 (a) Demonstration of the replacement of Nb 5+ by Co in the TTB structure; (b) spin
configuration evolution from HS Co2+ to LS Co2+ in the octahedron due to further crystal field splitting
caused by the generation of oxygen vacancy; (c) a possible oxygen intercalation mechanism, with the
dashed box representing the oxygen vacancy.

SBNC45, despite its poor electronic conductivity, exhibits 20 times higher current density than IrO 2 at 1.7
V vs. RHE when normalized by the BET surface area. It also has a rather small Tafel slope value (＜70
mV dec-1) together with a pH-dependent characteristic, which indicates ultrafast non-concerted protonelectron transfer during the OER. This should be promoted by the combination of Co 2+ and Ovac which are
connected as Co-Ovac-Co when the Co sites are adequate. In this situation, an oxygen vacancy mediated
oxygen intercalation mechanism may be possible, similar to the oxygen intercalation in the LaMnO 3
perovskite pseudocapacitor or the oxygen vacancy filling mechanism in CuO/CeO 2 catalysts [140,141].
As demonstrated in Figure 6.10c, starting from the adsorption of OH- by a Co site on the surface in
alkaline OER conditions, oxygen from OH·may be intercalated into the lattice when an adjacent lattice

79

Chapter 6: High oxygen evolution activity of tungsten bronze oxides boosted by anchoring of Co 2+ at
Nb5+ sites accompanied by substantial oxygen vacancy

oxygen is absent (Ovac site). Compared to high spin Co2+, low spin Co2+ with less unpaired electrons and
more empty orbitals is more efficient in the adsorption of OH-. More Ovac makes oxygen intercalation
easier. What is more important, the oxidation state of Co is increased after oxygen intercalation, which is
more OER-active. Figure 6.11 is the Co L3-edge XAS spectra recorded on SBNC45 samples before and
after the OER tests, from which it is observed that the Co cations on the surface have an electronic
structure evolution from Co2+ to higher oxidation states.
According to the Zaanen–Sawatzky–Allen (ZSA) model, the electronic structure of transition metal
oxides is typically described by three primary parameters: the Hubbard interaction (self-exchange), the
metal–oxygen covalency (charge-transfer energy), and the metal–oxygen hybridization (orbital
overlapping)[142]. The oxygen intercalation in the Ovac introduces high covalency between Co and
oxygen, which will reduce the charge-transfer energy due to the increased ionization energy of Co cations
with high valence. A small charge-transfer energy can alter the OER mechanism from concerted proton–
electron transfer to non-concerted proton–electron transfer reactions. For example, in the concerted
proton–electron transfer process, the addition of OH - and the loss of e- from O* to OOH* are coupled,
which is pH-independent. They will be separated, however, in the non-concerted proton–electron transfer
with a pH-dependent characteristic. A typical non-concerted proton–electron transfer mechanism is the
lattice oxygen mechanism (LOM), in which O-O would directly be formed through bonding of O* on a
metal active site with lattice oxygen. However, part of the oxygen in O 2 is from the crystal lattice for the
traditional LOM electrocatalysts, which will lead to structural stability issues such as amorphization. In
this oxygen intercalation mediated mechanism, all the oxygen element is from the electrolyte, even
though some oxygen has even been inserted into the crystal lattice. Therefore, the electrocatalyst can
maintain its original structure before and after OER tests.
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Figure 6.11 Co L3-edge XAS spectra recorded on SBNC45 samples before and after the OER tests, as
well as the standard reference samples.

We believe that the OER-active metal cations, enough oxygen vacancy, and a flexible structure are the
essential conditions for this oxygen intercalation mechanism. It was evidenced by several reference
samples prepared and tested under the same conditions (Figure 6.12). For example, the SBNF45 sample
with the same amount of Fe doping into the Nb 5+ sites, is not OER active, possibly due to the inefficient
metal cations (Fe3+), while the (SBC)N sample with Co doping into Sr 2+ or Ba2+ sites is also not OERactive without adequate oxygen vacancy. Similarly, bad OER performances were also observed from the
LNC075 and LNC225 samples with the same amount of Co occupying the Nb 5+ sites in the trigonal
crystal structure. The OER performance is limited by the rigid crystal structure, as in the situation of the
perovskite KNC (Figure 6.13).
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Figure 6.12 (a) XRD patterns of the SBNF45 and (SBC)N samples with comparison to the standard TTB
structured SBN pattern. Both SBNF45 and (SBC)N can be regarded as pure phase; (b) XRD patterns of
LNC075 and LNC225 samples with comparison to the standard LiNbO3 pattern. The LNC075 can be
regarded as pure phase, but some impurity emerges in the LNC225 sample; (c) Co L-edge XAS spectra
recorded from LNC225 and standard references CoO and Co2O3. Co in the LNC225 is identified as
mainly 3+; (d) Fe L-edge XAS spectra recorded from SBNF45 and standard references FeO and Fe2O3.
Fe in the SBNF45 is identified as mainly 3+.

Figure 6.13 LSV curves of SBNF45, (SBC)N, LNC075, and LNC225 at the scan rate of 5 mV s -1. These
samples are not OER-active, as the current density is smaller than 1 mA cm-2 even at 1.7 V vs RHE.
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6.6 Conclusion
High intrinsic OER activity is reported in the Co-doped tetragonal tungsten bronze (TTB) structure for the
first time. TTB can maintain its structure with the harmonious coexistence of low-valence Co2+ and a
huge amount of oxygen vacancy (Ovac). Due to this magic combination, the as-prepared SBNC45 sample
exhibits superior performance to the state-of-the-art IrO2 with a very small Tafel slope and a pHdependent characteristic. The oxygen intercalation-mediated mechanism can expedite the OER process by
non-concerted proton-electron transfer, but without compromising of the structure and the performance
stability. This work indicates that the oxygen intercalation mechanism with a high reaction rate and good
stability can be instructive for designing new electrocatalysts and that doping low valence state cations
into high valence sites in the flexible structure is an effective strategy.
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Chapter 7
7 General Conclusions and Outlook
7.1 General Conclusions
In this doctoral work, several strategies to enhance OER efficiency of transition metal oxides by
regulating their electronic structures have been developed and demonstrated:
1.

By composition substitution, the OER performance of Co substituted oxide is 100 times higher than for
original Fe based compound, due to the fact that Co (3+, IS, (t2g)5(eg)1) has an appropriate strength for a
compromise between the absorption of reactants and the desorption of products. Furthermore, it requires
low energy to provide an instantaneous change of state from (t2g)5(eg)1 to (t2g)5(eg)2.

2.

By the corona poling method to align the internal polarization, OER property is further improved,
resulting in the low overpotential of 320 mV at the current density of 10 mA cm -2 and a Tafel slope of 34
mV dec-1. The phase, morphology and effects of ferroelectric polarization works all the time during the
long term OER tests.

3.

By anchoring low valence state Co on the high valence state Nb 5+ sites in Sr0.5Ba0.5Nb2O6 (SBN), the
occupation of Co in the Nb5+ sites of TTB structure brings about massive oxygen vacancy (O vac) and
stabilizes itself in the form of Co2+. The coexistence of Ovac and LS Co2+ triggers an oxygen intercalation
mechanism, endowing SBNC45 with superior OER performance to commercial IrO 2 under alkaline
working conditions.
These strategies have been justified by the excellent OER performance and systematic electronic structure
analysis. The results of this doctoral work is expected to be very suggestive for the rationally design for
new type OER electrocatalysts with more ultrafast kinetics in the future.

7.2 Outlook
The rapid development of industrialization has raised growing concerns toward worldwide energy crisis
and environmental problems, such as the shortage of fossil fuels and climate change. Advances in
renewable energy largely rely on technologies for energy conversion and storage to mitigate intermittency
issues associated with wind and sunlight. Potential key storage solution for highly renewable power
systems is the conversion of electrical energy into chemical energy in the form of fuels. It could also
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allow for a greater penetration of renewable energy in the chemical industry. The first and simplest step in
this process could be to split water and generate hydrogen. There are two principal routes for this: in the
near term, electricity could be used to drive electrolysers; in the longer term, the electrolysis process
could be directly integrated with photovoltaics (PVs) in a photoelectrochemical (PEC) device [143].
Either way, to split water efficiently, both PV-electrolysis and PEC cells require highly performing
catalysts for the two half reactions, the hydrogen evolution reaction (HER) and the oxygen evolution
reaction (OER). However, the efficiency of hydrogen energy generation is limited by the oxygen
evolution reaction (OER) due to its sluggish kinetics.
For the practical application of OER in acid, the best catalyst, considering both activity and stability, is
IrO2, although RuO2 is often used together with IrO2. However, even IrO2 is not entirely stable under
OER and iridium is an even more critical element than noble metal platinum [143]. Thus, it is desirable if
Earth-abundant catalysts could be developed that could outcompete, and replace, platinum. A full and
comprehensive understanding of the underlying physics of the OER is one the basics for designing highefficient low-cost OER electrocatalysts. As revealed in Chapter 3, regardless of adopted mechanisms, the
underlying rationale of OER is that three in four electrons being extracted from adsorbates should be in
the same spin direction before O=O formation. This conclusion is with great significance in providing
rational guidance for the more effective design of energy conversion electrocatalysts.
Although we have fully illustrated the role of spin in the OER process in the theory, it is still very
challenging to experimentally observed and verified due to the limitation of current characterization
techniques. The results of current works indicate that the underlying physics of the dependence of OER
performance on the electronic structure can only be understood when considering the couplings between
lattice, charge and orbital inside. Thus, a more deliberated platform with material foundation and
computation are desired. Other strategies, such as modifying material preparation methods, can also be
considered for tuning electronic structures. For example, a double perovskite oxide La0.7Sr1.3Co2O6-δ
(LSCO) fabricated by three different solid-phase based methods were also prepared and investigated. By
fully investigation on the structure and properties, it is found that the sample prepared with grain
boundary exposed as the particle surface have shortened Co-O bond length, highly oxidized Co cations,
plenty oxygen vacancies, as well as five times higher specific activity of OER tests.
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